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Xhis  final  report  describes  the  technical  cMorl  conducted  under  Air  Force  Contract  No.  FC^61.5-X.S-C- 
2508,  eniiiled  "Propcrlics  of  Aircraft  Fuels  and  Related  Materials. "  The  technical  eflort  desenhed  herein 
was  conducted  over  a  period  from  July  1985  through  November  1990  and  represents  a  diverse  range  ol 
subject  areas.  Topics  of  study  and  technical  activity  include;  general  analysis  and  characieri/ation  ol 
conventional  and  experimental  fuels  pos.se.ssing  properties  which  arc  unique  and/or  critical  to  engine 
performance  and  durability;  special  investigations;  development  and  evaluation  of  new  lest  methods; 
refinement  of  existing  laboratory  techniques;  additive  evaluation  and  quantification;  investigation  ol  luci 
and  material  related  field  problems;  advanced  fuel  req-irements:  and  fuel  system  parameters  lor  current 
and  advanced  engines. 

The  research  conducted  under  this  conlraei  was  administered  under  the  direction  of  *!r.  -thy  D  ::  :, 
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Deputy  Program  Manager  from  July  1985  to  October  1988.  Tedd  Biddle  assumed  the  role  ol  P&W 
Program  Manager  from  November  1988  through  November  1990. 

The  research  conducted  under  this  program  was  the  product  of  many  contributors.  Among  those  who 
provided  guidance  and  practical  experience  in  pursuit  of  the  various  areas  of  study  and  investigation 
included  Tim  Dues,  Steven  Andeison,  Royce  Bradley,  Herb  Lander,  Randy  Howard,  Ronald  Butler, 
Brian  Bergsien,  Mel  Roquemore,  William  Harrison,  Charles  Martel,  Art  Churchill,  and  Charles  Delaney 
of  WRDC  Contributors  from  the  P&W  Fuels  and  Lubricants  and  Analytical  Chemistry  Laboratories 
who  worked  as  Task  Managers,  Primary  Investigators,  and  performed  the  laboratory  tests,  evaluations, 
and  investigations  included  Paul  Warner,  William  Edwards,  Richard  Meehan,  Susan  Guisingcr,  Marc 
Rippen,  Su.san  Brown,  Michael  Gehron,  Tedd  Biddle,  Donald  Yost,  Michael  Polilo,  William  Cellich  and 
James  Stoorza.  A  great  deal  of  support  in  the  areas  of  system  hardware,  thermal  management,  and 
computer  modeling  was  provided  by  P&W  Project  Groups  under  the  supervision  of  Sam  Arlinc,  Engine 
Controls;  Jim  Shadowen,  Combustor  Design;  Jim  Mohn,  Ed  Kichura,  Paul  McClure,  and  Nat  Ko.sowski 
Mechanical  Components  and  Systems.  Bennett  Croswell  of  P&W  Advanced  Engineering  Programs  was 
invaluable  in  his  management  and  performance  of  a  study  directed  at  high  temperature  fuel  requircmenls 
and  payoffs  in  the  design  of  advanced  fighter  engines. 

In  addition,  technical  support  was  provided  by  Dr.  Hcnk  Meuzclaar  of  University  of  Utah  Biomalerials 
Profiling  Center  in  the  investigation  of  a  JP-10  fuel  related  field  problem;  Dr.  Louis  Hall  of  Sun  Refinery 
in  the  development  of  RJ-7  High  Density  Fuel;  Dr.  Arthur  Krawetz  of  Phoenix  Chemical  Laboratory,  Inc. 
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and  insight  by  its  members  in  areas  of  fuel  lubricity  and  thermal  stability  was  greatly  appreciated. 
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Abstract 

Mathematical  models  were  developed  to  describe  the  correlation  between  ASTM  D86  distillation  data 
and  ASTM  D2887  simulated  distillation  data  for  three  fuel  samples:  (1)  JP-7,  (2)  JP-8,  and  (.J)  an 
experimental  high-density  fuel.  Ir.  addition,  a  mathematical  model  was  developed  describing  the 
correlation  between  simulated  distillation  data  and  vapor  prc.ssurc  data  for  these  fuel  samples. 
Recommcndail'^'’''  foi"  future  studies  to  test  and  modify  the  models  for  general  use  in  predicting  ASTM 
D86  distillation  data  and  vapor  pressure  from  simulated  distillation  data  arc  discussed. 


SECTION  1.0 
INTRODLICTION 


1.1  BACKGROUND 

During  the  1960's,  P&W  and  WRDC/POSF  were  instrumental  in  developing  several  low  volatility  lucls 
such  as  PWA  535,  now  identified  as  JP-7  (MIL-T-38219).  This  fuel  was  needed  for  high-Mach  number, 
high-altitude  aircraft  to  provide  the  required  high  thermal  stability,  low  smoke  and  low  volatility.  Aircralt 
flying  at  high  altitudes  and  high  speeds  subject  the  fuel  to  elevated  temperatures  and  reduced  pressure. 
Concerns  regarding  the  vapor  pressure  of  the  fuel  under  these  conditions  led  to  the  cooperative 
development  of  the  vapor  reflux  method  (VRM)  for  determining  true  vapor  pressure  of  low-volatility 
fuels  at  elevated  temperatures  (Appendix  C  of  MIL-T-382I9A). 


Vapor  pressure  is  one  measure  of  the  volatility  characteristics  of  a  fuel.  Fuels  typically  arc  used  m  many 
types  of  engines  with  large  variations  in  operating  conditions  and  operating  temperatures.  Fuels  which 
have  high  vapor  pressures  may  vaporize  too  quickly  in  a  fuel  system,  resulting  in  vapor  lock  and  reduced 
fuel  tlow.  Fuels  which  have  low-vapor  pressure  may  not  readily  vaporize  and  could  cause  poor  ground 
start  or  reduced  ability  for  at-altitude  relight. 

1.2  OVERVIEW 

There  are  several  methods  available  for  determining  the  true  vapor  pressure  of  complex  hydrocarbon 
mixtures,  including  both  empirical  correlation  techniques  and  experimental  techniques.  The  empirical 
correlation  techniques  arc  more  commonly  used.  For  example.  Appendix  A2  of  ASTM  D3710,  entitled 
"A  Technique  for  Simulated  Distillation  Using  Gas  Chromatography,"  provides  equations  for  calculating 
Reid  Vapor  Pressure  and  predicting  ASTM  D86  distillation  curves  from  the  simulated  disiillatu'n 
(SIMDIST)  data  generated.  However,  ASTM  D37l()  and  other  techniques  such  as  ASTM  D323  are  not 
directly  applicable  to  low  volatility  JP-7,  JP-8,  and  experimental  high-densily  fuels.  ASTM  US6 
distillation  data  and  AS  I  M  D93  flash  point  temperatures  arc  currently  used  to  measure  volatility  ol  luels 
such  as  JP-7.  Vaoor  pressure  for  JP-7  has  been  predicted  at  elevated  temperatures  using  ASTM  DSP 
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distillation  data  (209;  recovered  point)  in  conjunction  with  a  nomograph,  or  determined  directly  by  the 
VRM  described  in  Appendix  C  of  MIL-T-3H2I9A.  A  method  is  needed  for  determining  the 
high-temperature  vajxir  pressures  of  all  low  volatility  fuels. 

Recently,  SIMDIST  techniques  have  demonstrateil  excellent  |xncntial  for  assessing  the  volatility 
characteristics  of  less  volatile  gas  turbine  fuels.  The  gas  chromatographic  prcKcdure  ilefined  by  ASTM 
D2X87  separates  components  of  low  volatility  fuels  into  a  wider  spectrum  of  hydrocartwns  than  docs 
ASTM  D86.  This  separation  is  accomplished  in  a  manner  similar  to  ASTM  D2892,  a  l.S-plate  distillation 
column  apparatus.  For  this  reason,  ASTM  D2887  is  a  more  precise  method  than  ASTM  D86,  while 
offering  greater  ease  of  operation  than  ASTM  D2892.  However,  because  the  method  described  in  ASTM 
D86  has  been  the  industry  standard  for  many  years,  a  good  correlation  formula  was  needed  to  relate 
ASTM  D86  and  ASTM  D2887  distillation  data.  In  addition,  since  the  VRM  is  very  tedious  and  labor 
intensive  relative  to  SIMDIST,  a  method  for  predicting  vapor  pressure  from  SIMDIST  data  was  needed. 

Based  on  these  considerations,  the  technical  work  described  in  the  following  sections  was  directed  toward 
developing  an  empirical  correlation  technique,  similar  to  that  included  in  Appendix  A2  of  ASTM  D3710, 
for  predicting  vapor  pressure  of  low-volatility  fuels  (rom  distillation  data  performed  using  ASTM  D2887. 
Further,  a  means  for  predicting  ASTM  D86  distillation  data  from  ASTM  D2887  SIMDIST  data  is 
discussed. 


SF.CTION  2.0 
EXPERIMENTAL 


2.1  DISTILLATION  AND  VAPOR  PRESSLRE  METHODS 

Distillations  using  ASTM  D86,  "Distillation  of  Petroleum  Products"  and  ASTM  D2887,  "Boiling  Range 
Distribution  of  Petroleum  Fractions  By  Gas  Chromatography,"  were  used  to  obtain  distillation  data  for 
the  three  fuels  supplied  by  the  Air  Force  Program  Monitor. 

2.1.1  ASTM  D2887  Simulated  Distillation 

ASTM  D2887  analyses  were  conducted  using  an  Aniek  Model  Scries  .3(K)  gas  chromatograph  with  a 
flame  loni/.ation  detector.  Data  acquisition  and  reduction  were  done  with  a  Nelson  Analytical  .3(XK) 
Series  Chromatography  Data  System  with  SIMDIST  software  for  ASTM  D2887  on  an  IBM  PC  AT 
mmi-computer.  The  column  was  stainless  steel,  ,3.()-metcrs  long  by  0..318-cm  outside  diameter  (OD)  and 
().174-cm  inside  diameter  (ID).  The  solid  support  packing  material  was  Chromasorb  WHP,  80  to  1(K) 
mesh,  with  lOff  SE-.3()  liquid  phase.  The  carrier  gas  was  helium  at  a  flow  rate  of  .30  cc/min.  Injector  and 
detector  temperatures  were  3.S0  C  (662T).  3  he  column  temperature  was  ramped  at  8‘C/minutc,  Irom  an 
initial  temperature  of  70  C  (l.SS'  F)  to  an  end  temperature  of  280''C  (.336^^).  The  calibration  standard 
consisted  of  the  following;  8.9%  hexane,  13. .S%  oclenc.  11.6%  decanc,  10.8%  dodecanc,  11.6% 
tetradecanc,  13..“)%  pcntadecane,  16.6  %  hexadecane,  and  13..*)%  heptadecanc  (percent  by  weight).  The 
resolution  standard  consisted  of  1.0%  hexadecane,  and  1.0%  tKladecanc  in  dccane  by  weight.  The 
calibration  and  resolution  standards  were  analyzed  frequently  to  ensure  that  ASTM  D2887  resolution  (R) 
and  repeatability  criteria  were  met.  Resolution  values  averaged  ,S.l  with  ASTM  D2887  requiring  R  to  be 
between  3.0  and  8.0. 


2.1.2  ASTM  DH6  Dutributiuns 


ASTM  D86  analyses  were  conducted  with  temperatures  recorded  for  the  initial  boiling  point,  lor  every 
5.0%  recovered  from  5  to  95%,  and  for  the  end  point.  No  emergent  stem  corrections  were  used  consistent 
with  ASTM  Committee  D2  recommendations. 

2.1  J  Vapor  Pressure  Determinations 

The  VRM,  described  in  Appendix  C  of  MIL-T-38219A,  was  used  to  determine  vapor  pressure  as  a 
function  of  temperature  for  the  three  fuels  supplied  by  the  Air  Force  Program  Monitor.  The  basic  tc^t 
procedure  was  followed;  however,  the  following  minor  modifications  were  made  to  upgrade  the  test 
apparatus. 

1.  The  mercury  manomctei  system  was  replaced  by  a  pressure  transducer  with  a  range  of  0  to  15 
psia  and  a  sensitivity  of  0.01  psia.  This  transducer,  complete  with  an  Anadex  digital  display, 
eliminated  the  need  for  cumbersome  mercury-filled  pressure  readout  manometers. 

2.  The  mercury  thermometers  were  replaced  by  two  calibrated  chromel/alumcl  thermocouples 
using  a  Doric  Mod'll  -in.A  digital  display  for  temperature  observations  of  the  bulk  fuel  and 
refluxing  fuel  vapors. 

3.  A  Whitey  micrometer  valve  was  used  in  the  vacuum  bleed  system  to  provide  trouble-free  fine 
tuning  of  the  system  pressure. 

4.  A  Nes-L.ab  CFT-33  Coolflow  Refrigerated  Circulator  was  used  to  maintain  the  condenser  water 
at  15'C  (60-'F).  This  modification  was  made  to  preclude  variations  m  the  reflux  height  caused 
by  changes  in  temperature  in  the  condenser  cooling  water. 

To  ensure  valid  statistical  analysis  of  vapor  reflux  data,  each  test  fuel  was  evaluated  in  duplicate.  Vapor 
pressures  were  determined  at  a  minimum  of  10  temperatures  between  1.5  psia  (lOVr  of  the  range  of 
pressure  transducer)  and  atmospheric  pressure.  Vapor  pressures  below'  1.5  psia  and  above  aunosphcric 
pressure  were  extrapolated  from  the  linear  function  expressing  the  logarithm  of  vapor  pressure  versus  the 
reciprocal  of  absolute  temperature.  Appendix  A  provides  a  detailed  description  of  the  improved  VRM 
used  in  this  investigation. 


SECTION  3.0 

RESULTS  AND  DISCUSSION 

3.1  distillations  and  vapor  PRESSURE  DETERMINATIONS 

ASTM  distillations  were  conducted  to  provide  experimental  data  for  correlation  of  ASTM  D2887  to 
ASTM  D86  and  vapor  pressure  data  from  the  VRM. 

3.1.1  ASTM  D86  Distillation 

ASTM  D8f)  analyses  of  sample  numbers  84-POSF-2038  (JP-8)  and  DOD.X  1422-1  'JP-7)  prcKluccd 
expected  data.  These  data  are  presented  in  Table  1, 


TABLE  1 

ASTM  D86  DISTILLATION  DATA 


I  cmperaiurc  ("C) 

^  84.POSF-20JS  S6  P0SF  i75H  DODX  1472-1 

Recovered _ Run  1 _ Run  2 _ Run  I _ Run  2  Run  1  Run  2 


IBP 

145.fi 

14fi  1 

188  3 

189  4 

198.9 

197.8 

5 

lfi2,8 

159.4 

202  2 

205  0 

205.0 

203  9 

10 

170.0 

lfi7  2 

20fi  1 

208.3 

206.1 

205.6 

174  4 

172  2 

208  9 

210  6 

206,7 

206,7 

20 

178  3 

17fi.l 

210.6 

2122 

207  8 

207.2 

25 

181  7 

1 80.0 

2128 

214  4 

208.3 

207.8 

M] 

185  0 

182  8 

214  4 

216  1 

208.9 

208.3 

187  8 

18fi  1 

215  fi 

217  8 

209  4 

208.9 

40 

lOOfi 

188  .3 

217  2 

219  4 

210  0 

210.0 

4^ 

mt  3 

191  7 

218  9 

221  1 

211  1 

2106 

:^o 

mfi.7 

194  4 

220  6 

222.8 

211.7 

211.7 

IQ‘7  4 

197  2 

222  8 

225  0 

212.8 

212.2 

M 

;o;  2 

2(Klfi 

225  0 

227.2 

2139 

213,9 

205  fi 

203  3 

't-)7  -) 

2294 

215  0 

214.4 

70 

208  y 

207.8 

2306 

232  2 

216.7 

216.1 

213  .3 

211  7 

233  9 

236  1 

218.3 

218.3 

SO 

217  8 

21fi.'' 

238  9 

2406 

221.) 

220.6 

223  3 

221  1 

244  4 

246  1 

224.4 

223.9 

y() 

230,0 

227.8 

252.2 

253  9 

230.0 

228,9 

241  1 

237  2 

270  0 

270.6 

241.7 

238.9 

IBP 

255  fi 

255  0 

290.0 

298  3 

257,8 

2.56,7 

Sample  number  X5-POSF-175H  (light  pyro)>si,s  fuel)  was  found  to  have  a  distillation  range  of  lOS^'C 
(190'F)  similar  to  the  JP-X  type  fuel,  but  was  higher  boiling,  similar  to  a  JP-7  fuel.  Additionally,  the 
light  pyrolysis  fuel  had  an  initial  boiling  point  (IBPt  lower  than  the  JP-7  sample  and  had  a  considerably 
higher  final  boiling  point  (FBP). 

.^.1.2  ASTM  D2887  Simulated  Distillation 

Simulated  distillations  by  ASTM  D2887  of  the  three  samples  were  performed  once  each  day  for  five 
consecutive  days.  Simulated  distillation  analyses  of  samples  X4-POSF-2()78  and  DODX  1422-1  produced 
cx(iccted  results.  However,  sample  85-POSF-175X,  while  easily  chromatographed  under  the  condiuons 
given  m  Section  2.0.  did  provide  an  interesting  chromatogram  when  compared  to  the  other  two  samples. 
The  existence  ol  low  boiling  material  at  78  C  (172.4  F),  although  le.ss  than  approximately  O.l  weight 
percent,  was  not  expected  lor  this  sample.  Figure  I  (a.  b,  and  ci  presents  typical  chromatograms  for  the 
three  luci  samples  lor  comparison.  Tables  2,  and  4  present  the  raw  data  for  the  five  separate  simulated 
distillation  runs  for  each  fuel. 

3.1.3  Vapor  Pressure  Determinations 

Vapttr  prc>suro  data  for  the  thr^c  luel>  v.crc  t)bla...cd  u^.ng  the  VRM  described  m  Section  2.0  and 
Appendix  A  o(  this  report.  Tables  .S,  6,  and  7  list  specific  data  for  the  three  fuels. 

As  shown  m  Tables  b  and  7,  the  vapor  temperature  diltered  from  the  liquid  temperature  by  more  than  the 
specified  4.0 C  for  fuel  samples  X4T’()SF-20sX  and  XS-PfJSF- 1 75X.  Both  fuels  have  at  least  lOO'C 
(IXO'  F)  boiling  ranges  as  compared  to  JF’-7  s  106  C  (190  F)  boiling  range.  These  facts  led  to  concerns 
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o  'er  loss  of  light  ends  during  the  degassing  procedure  and  the  selection  of  which  temperature  to  use  lor 
vapor  pressure  determinauons:  the  vapor  temperature,  the  liquid  temperature,  or  the  average  temperature. 
These  questions  were  addressed  through  a  model  compound  study. 

Reagent  grade  2,2,4-trimethylpentane  (isooctane)  and  n-dodecane  were  chosen  as  model  compounds 
because  of  their  physical  properties  and  the  availability  of  accurate  data  in  the  literature.  Two 
experiments  were  conducted  using  isooctane,  dodecane,  and  a  50  volume  percent  mixture  of  the  two. 
First,  VRM  data  were  obtained  for  the  three  test  fluids  as  di.scussed  in  Appendix  A,  with  no  pretreatment 
of  the  test  fluids.  Second,  a  fresh  aliquot  of  each  fuel  was  chilled  to  -50°C,  transferred  to  the  VRM 
apparatus,  and  vacuum  applied  to  degas  as  the  sample  thawed.  Vapor  reflux  method  data  were  then 
obtained  as  before. 

Using  linear  regression  analysis,  vapor  pressures  were  calculated  for  liquid  temperature,  vapor 
temperature,  and  the  average  temperature.  A  comparison  of  these  results  to  theoretical  vapor  pressure 
values  obtained  from  the  literature  and  calculated  using  Antoine's  and  Raoulfs  equations  was  then  made. 

Comparing  chilled  and  degas,sed  pure  compound  vapor  pressures  to  those  of  the  room  temperature 
degassed  vapor  pressures  indicated  less  than  1%  absolute  difference  over  the  range  of  50  to  300'^C  (122 
to  572''F),  well  within  the  experimental  error.  In  addition,  the  vapor  and  liquid  temperature  varied  by 
less  than  1  ''C  throughout  the  series  of  vapor  pressure  determinations.  This  is  consistent  with  the  design 
capabilities  of  the  VRM  apparatus  for  pure  compounds  and  narrow  boiling  mixtures. 

In  contrast,  the  vapor  and  liquid  temperatures  differed  by  as  much  as  20°C  during  VRM  evaluations  on 
the  50%  blend  of  isooctane  and  n-dodecane.  When  the  50%  blend  data  are  analyzed  and  compared  with 
RaoulLs  Law  calculations  of  vapor  pressures  using  VRM  data  from  pure  compound  determinations  and 
data  from  the  literature,  two  conclusions  can  be  stated:  1.)  for  fuels  with  low  IBP  chilling  the  sample  to 
less  than  -dO'-^C  before  degassing  appears  to  be  necessary  to  preclude  losses  of  lower  boiling  constituents; 
2.)  for  wide  boiling  mixtures  where  the  vapor  and  liquid  temperatures  vary  more  than  4.0°C,  the  VRM 
may  still  be  used,  but  with  reduced  accuracy;  the  greater  the  difference,  the  more  significant  the  loss  m 
accuracy. 
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TABLE  2 

ASTM  D2887  SIMULATED  DISTILLATION  DATA  FOR 
SAMPLE  NO.  DODX  1422-1 
(JP-7) 


% 

Recovered 

Run  I 

Temperature  (°C) 

Run  2  Run  3 

Run  4 

Run  5 

IBP 

176.0 

176.2 

1  -6.6 

176.0 

176.0 

5.00 

188.5 

188.4 

188.9 

188.2 

188.3 

10.00 

193.4 

193.3 

193.7 

193.4 

193.5 

15.00 

195.1 

195.1 

195.5 

195.5 

196.6 

20.00 

197.7 

\97.1 

198.1 

198.0 

198.2 

25  00 

200.8 

200.7 

201.1 

200.9 

201.1 

30.00 

203.2 

203.1 

203.6 

203.5 

203.7 

35.00 

206.1 

206.0 

206.4 

206.3 

206.5 

40.00 

208.3 

208.2 

208.6 

208.8 

208.9 

45.00 

210.7 

210.6 

211.0 

211.3 

211  4 

50.00 

213.9 

213.7 

214.1 

214.3 

214.4 

55.00 

215.7 

215.5 

215.9 

216.4 

216  4 

60  00 

217.0 

216.8 

217.2 

217.9 

218.1 

65.00 

218.9 

218.7 

219.1 

220.2 

220.6 

70.00 

222.4 

222.2 

222.5 

224.0 

224.3 

75.00 

226.2 

226.1 

226.3 

227.7 

227.9 

80.00 

231.0 

230.9 

231.1 

232.5 

232.6 

85.00 

234.2 

234.0 

234.3 

235.6 

235.8 

90.00 

242.7 

242.5 

242.7 

244.2 

244.4 

95.00 

252.0 

251.7 

251.9 

253.5 

254.0 

FBP 

281.5 

281.4 

281.5 

282.8 

285.7 
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TABLE  3 

ASTM  D2887  SIMULATED  DISTILLATION  DATA  FOR 
SAMPLE  NO.  84.POSF-2038 
(JP-8) 


% 

Recovered 

Run  1 

Tcmpcralufc  (®C) 

Run  2  Run  3 

Run  4 

Run  5 

IBP 

87.9 

86.6 

89.6 

87.8 

87.2 

5.00 

134.1 

133.1 

134.5 

133.7 

133.1 

10.00 

148,5 

147.3 

148.4 

147.7 

146.9 

15.00 

161.9 

160.8 

161.5 

160.9 

160.3 

20.00 

170.2 

169.1 

169.6 

169.0 

168.4 

25.00 

174.9 

173.9 

174.3 

173.8 

173.2 

30.00 

179.3 

178.4 

178.7 

178.3 

178.0 

35.00 

184.1 

183.2 

183.3 

183.0 

182.7 

40.00 

188.7 

187.8 

187.9 

187.5 

187.3 

45.00 

194.5 

193.6 

193.5 

193.2 

193.0 

50.00 

197.1 

196.1 

196.1 

195.8 

195.6 

55.00 

202.7 

202.0 

201.8 

201.5 

201.6 

60.00 

207.9 

207.1 

206.9 

206.6 

206.6 

65.00 

213.8 

213.0 

212.7 

212.4 

212.5 

70.00 

217.2 

216.4 

216.1 

215.8 

216.0 

75.00 

223.7 

223.0 

222.7 

222.4 

222.7 

80.00 

230.5 

229.7 

229.4 

229.1 

229.5 

85.00 

235.2 

234,3 

233.9 

233.5 

233.8 

90.00 

244.3 

243.5 

243.1 

242.8 

243.4 

95.00 

254.2 

253.1 

252.7 

252.2 

252.8 

FBP 

279.6 

278,0 

278.0 

277.6 

278.8 
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TABLE  4 

ASTM  D2887  SIMULATED  DISTILLATION  DATA  FOR 
SAMPLE  NO.  85-POSF-1758 
(LIGHT  PYROLYSIS  FUEL) 

% 

Recovered 

Run  1 

Temperature  (°Q 

Run  2  Run  3 

Run  4 

Run  5 

IBP 

120.6 

120.1 

120  8 

119.6 

120.5 

5.00 

184.8 

185.5 

186.1 

185.3 

185.0 

10.00 

192.8 

193.5 

193.9 

193.1 

193.1 

15.00 

198.3 

199.2 

199.7 

198.9 

198.7 

20.00 

201.2 

202.2 

202.7 

202.0 

201.6 

25.00 

203.5 

204.7 

205.3 

204.7 

204.0 

30.00 

207.0 

208.5 

209.1 

208.6 

207.7 

35.00 

210.7 

212.1 

212.7 

212.2 

211.4 

40.00 

214.2 

215.7 

216.3 

215.9 

215.0 

45.00 

218.0 

219.4 

219.9 

219.5 

218.7 

50.00 

221.7 

223.1 

223.6 

223.2 

222.5 

55.00 

225.0 

226.4 

226.9 

226.6 

225.9 

60.00 

229.3 

230.8 

231.3 

231.0 

230.3 

65.00 

234.3 

235.6 

236.1 

235.6 

235.2 

70.00 

237.7 

239.0 

239.5 

239.4 

238.7 

75.00 

244.1 

245.4 

245.9 

245.6 

245.3 

80.00 

248.8 

249.9 

250.3 

249.9 

249.8 

85.00 

254.9 

256.1 

256.6 

256.2 

256.2 

90.00 

262.9 

264.0 

264.4 

264.0 

264.3 

95.00 

274.6 

275.5 

275.9 

275.6 

276.4 

FBP 

306.6 

308.5 

309.1 

309.8 

314.0 

TABLE  5 

VAPOR  PRESSURE  DATA  FOR  SAMPLE  NO.  DODX  1422-1  (JP-7) 


Vapor  Pressure 
(psia) 

Vapor  Temperalure  (°C) 

Run  I  Run  2  Run  3 

Liquid  Temperalure  ("C) 

Run  I  Run  2  Run  3 

Average  Temperature  ("C) 

Run  1  Run  2  Run  3 

1  50 

128.5 

132.4 

130.4 

2.00 

138.0 

138.3 

141.5 

141.5 

139.8 

1.39.9 

3  00 

150.1 

150.4 

153.3 

153.7 

151.7 

152.0 

4.00 

159.1 

159.7 

162.6 

162.9 

160.8 

161  3 

5  00 

166.9 

167.1 

170.2 

170.4 

168.6 

168.8 

600 

173.8 

173.5 

176.8 

176.8 

175.3 

175-2 

7.00 

178  8 

179.2 

182.0 

182.4 

180.4 

180.8 

8  00 

183  9 

184.2 

187  4 

187.4 

185.6 

185.8 

9.00 

188.6 

189.0 

191.8 

192.1 

190  2 

190.6 

1000 

1926 

1929 

196.0 

196.2 

194.3 

194  6 

11.00 

196  4 

196  6 

197.0 

199  8 

199.9 

200.0 

198.1 

198  2 

198.5 

12  00 

200  1 

200.7 

203.5 

203.6 

201.8 

202.2 

13  00 

203  8 

203.6 

204  8 

207.0 

206  7 

207.2 

205  4 

205.2 

206.0 

14(10 

206.8 

207.2 

210.0 

210.3 

208.4 

208.8 

1474 

209  1 

209  2 

209.6 

212  1 

2122 

212.6 

2106 

210.7 

211  1 

TABLE  6 

VAPOR  PRESSURE  DATA  FOR  SAMPLE  NO.  84.POSF-2038  (JP-8) 


Vapor  Liquid  Average 

Vapor  Pressure  Temperature  (°C)  Temperature  CC)  Temperature  (“C) 


(psia) 

Run  1 

Run  2 

Run  1 

Run  2 

Run  1 

Run  2 

2.00 

92.0 

88.0 

105.0 

105.1 

98.5 

96.6 

2.97 

101.5 

117.6 

109.6 

3.00 

103,3 

117.7 

110.5 

4.00 

113.2 

112.6 

127.3 

127.5 

120,2 

120.0 

5.00 

121.2 

120.5 

135.3 

135.2 

128.2 

127.8 

6.00 

127.8 

126.8 

142.0 

142.0 

134,9 

134.4 

7.00 

134.0 

133.4 

147,6 

147.8 

140.8 

140.6 

8.00 

140.1 

153.0 

146.6 

8.01 

139,5 

153.0 

146.2 

8.96 

144.7 

157.3 

151.0 

9.00 

145.0 

157.5 

151.2 

9.98 

148.7 

161.6 

155,2 

10.00 

148.8 

161.7 

155.2 

10.97 

153.0 

165.5 

159.2 

1 1  00 

153.2 

165.6 

159.4 

12.00 

157.3 

156.6 

169.3 

169.3 

163,3 

163.0 

12.97 

160.4 

172,5 

166  4 

12.98 

160,2 

172.7 

166.4 

n.95 

163.8 

176.0 

169.9 

13.98 

164.0 

176.0 

170.0 

14.70 

165.3 

178.2 

171.8 

14,71 

166.4 

178.2 

174.2 

TABLE  7 

VAPOR  PRESSURE  DATA  FOR  SAMPLE  N0.85-P0SF-17S8 
(LIGHT  PYROLYSIS  FUEL) 


Vapor  Pressure 
(psia) 

Vapor 

Temperature  (°C) 

Run  1  Run  2 

Liquid 

Temperature  (°C) 

Run  2  Run  2 

Average 
Temperature 
Run  1 

(^C) 

Run  2 

1.99 

123.0 

138.6 

130.8 

2.00 

124.6 

— 

139.7 

— 

132.2 

2.94 

— 

140.0 

— 

151.9 

-- 

146.0 

3.00 

139.3 

— 

153.1 

— 

146.2 

4.00 

149.8 

— 

163.2 

— 

156.5 

4.04 

— 

152.0 

lo2.9 

157.4 

4.97 

157.7 

— 

171.5 

— 

164.6 

5.04 

— 

158.6 

— 

171.0 

— 

164.8 

6.00 

166.3 

— 

177.8 

— 

172.0 

6.L^ 

166.8 

— 

178.8 

— 

172.8 

7.00 

173.2 

184.8 

— 

179.0 

7.05 

— 

173.8 

— 

184.2 

„ 

179.0 

7.97 

— 

179.2 

— 

189.3 

184.2 

8.04 

180.0 

— 

190.5 

— 

185.2 

8.97 

185.0 

— 

195.1 

— 

190.0 

9.00 

- 

185.0 

— 

194.5 

— 

189.8 

9.96 

189.4 

— 

199.6 

— 

194.5 

10.04 

- 

190.4 

— 

199.1 

— 

194.8 

10.95 

- 

194.4 

203.0 

-- 

198.7 

11.06 

194.0 

— 

204.2 

— 

199.1 

11.96 

- 

198.4 

„ 

206.9 

— 

202.6 

12.01 

198.3 

208.0 

203.2 

12.91 

- 

202.0 

— 

210.5 

206.2 

13.00 

201.5 

— 

211.4 

— 

206.4 

13.90 

- 

205.5 

— 

213.8 

— 

209.6 

13.97 

205.0 

— 

214.8 

— 

209.9 

14.70 

- 

207.9 

— 

216.4 

— 

212.2 

14.71 

207.5 

— 

217.2 

" 

212.4 

Clearly,  the  model  compound  study  raised  more  questions  than  it  answered  concerning  the  applicability 
of  the  VRM  to  fuels  other  than  JP-7.  From  the  preliminary  data  generated  with  the  model  compound 
study,  it  is  difficult  to  discern  which  is  the  most  accurate  temperature  to  use  for  vapor  pressure 
determinations;  the  liquid  temperature,  the  vapor  temperature,  or  the  average  temperature.  For  the 
purposes  of  this  investigation,  the  average  of  the  vapor  and  liquid  temperatures  was  used.  Additionally, 
the  broader  boiling  range  and  lower  IBP  fuel,  84-POSF2038,  was  subjected  to  the  chill  and  thaw 
degassing  procedure,  while  fuel  samples  85-POSF-1758  and  1X)DX  1422-1  were  not. 

3.2  DATA  ANALYSIS  AND  CORRELATIONS 

Data  generated  in  the  aforementioned  tests  were  analyzed  to  produce  mathematical  models  which 
described  the  correlations  between  distillation  and  vapor  pressure  data.  After  generating  data  "^iles  of 
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distillation  and  vapor  pressure  data,  a  computer  program  (FORTRAN)  was  developed  which  reads  the 
data  Files  then  evaluates  the  data  using  the  models  discussed  below.  The  computer  program  then 
calculated  the  model  fitting  parameters,  writes  a  TELAGRAF  data  set  to  plot  actual  data  and  calculated 
data,  and  provides  a  statistical  analysis  of  the  goodness  of  fit.  This  subsection  discusses  the  development 
of  the  correlation  models  and  the  resultant  data  analyses  for  the  three  fuel  samples  evaluated. 

3.2.1  Percent  Recovered  Versus  Temperature  Modeling  for  ASTM  D2887  and  ASTM  D86  Data 

Percent  recovered  versus  temperature  data  from  ASTM  D86  distillations  and  ASTM  D2887  SIMDIST  for 
the  three  fuels  were  plotted.  Because  of  the  sigmoidal  shape  of  the  resulting  curves,  several  models  were 
then  investigated,  including  fifth  degree  (and  lower)  polynomial  models,  a  lognormal  model  (percent 
recovered  was  treated  as  cumulative  percent),  a  Weibull  model  (treated  similarly),  and  a  hyperbolic  sine 
model  (SINH).  Standard  regression  techniques  were  used  to  fit  the  linear  models  (polynomial,  lognormal, 
and  Weibull),  while  the  nonlinear  SINH  was  fitted  using  a  version  of  the  Simplex  Algorithm. 

Goodness  of  fit  parameters  R^  (coefficient  of  multiple  determination)  and  standard  error  of  the  estimate 
(SEE)  were  used  to  evaluate  the  quality  of  the  various  models.  R^  merely  indicates  what  proportion  of 

the  total  variation  in  the  response  Y  is  explained  by  the  fitted  model.  The  square  root  of  R^  is  called  the 
multiple  correlation  coefficient.  Standard  error  of  the  estimate  is  the  standard  deviation  between  the  fitted 
values  and  the  actual  values  and  is  a  measure  of  the  total  scatter  of  the  curve  fit. 

The  SINH  was  found  to  provide  the  best  fit  for  both  ASTM  D86  and  ASTM  D2887  distillation  data.  In 
order  to  provide  a  significant  improvement  in  the  accuracy  of  the  model,  the  IBP  was  not  included  in  the 
expression.  The  SINH  fits  the  equation: 

Y  =  C,  *SINH(C2*(X  +  C3))  +  C4  (1) 

where  Y  =  temperature  (°C),  X  =  %  recovered/100,  and  Cj  through  C4  are  the  fitting  parameters.  All  R^ 

values  were  greater  than  0.99  (99%  of  the  variation  was  explained  by  the  model),  while  SEE  ranged  from 
a  high  of  3.5  to  a  low  of  1 .5  (°C),  indicating  very  good  fits. 

Figures  2,  3,  and  4  summarize  ASTM  D86  distillation  data  and  Figures  5,  6,  and  7  summarize  ASTM 
D2887  SIMDIST  data  for  the  three  fuel  types.  These  figures  are  composites  showing  all  data  generated  in 
duplicate  runs  for  each  fuel  for  ASTM  D86  distillations  and  five  runs  on  each  fuel  for  ASTM  D2887 
SIMDIST.  The  legend  describes  actual  data  points,  iho.se  predicted  by  the  mathematical  model  (the  solid 

curve),  the  equation  and  coefficients  describing  the  curve,  the  SEE,  and  the  "goodness  of  fit"  (R^)  value. 

3.2.2  Vapor  Reflux  Modeling 

The  logarithm  (log)  of  vapor  pressure  (psia)  was  plotted  as  a  function  of  the  reciprocal  of  absolute 
temperatures  (1/K).  The  linearity  of  the  resulting  plots  justified  fitting  this  data  with  the  equation; 

log  Vapor  Pressure  =  K|  +  K2/T  (2) 

where  T  is  the  temperature  in  degrees  Kelvin  and  K,  and  Kj  are  fitting  parameters.  Again,  R^  and  SEE 

were  calculated.  Resulting  values  of  R‘  were  greater  than  0.99,  while  SEE  values  varied  from  0.0145  to 
0.0064,  indicating  excellent  curve  fits. 
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Figure  2.  ASTM  D86  Distillation  Data  for  Sample  No.  DODX  1422-1  (.IP-7} 


Figures  8,  9,  and  10  are  composite  plots  showing  VRM  data  for  duplicate  tests  on  each  of  the  three  fuels. 
The  legend  describes  the  actual  data  and  calculated  values  from  the  model  for  which  the  equation  with 
coefficients  is  given  for  each  fuel  sample.  Siandard  error  of  the  estimate  and  values  are  also  given. 

3.23  Vapor  Pressure  Versus  Percent  Recovered  Modeling 

Figures  11,  12,  and  13  illustrate  the  correlation  model  for  predicting  vapor  pressure  values  from  ASTM 
D2887  SIMDIST  analyses  of  the  three  fuels.  The  mathematical  model  that  describes  the  correlation 
between  vapor  pressure  and  SIMDIST  data  for  the  fuels  tested  was  generated  by  combining  equations  ( 1 ) 
and  (2)  to  get  the  new  equation; 


log  10  Vapor  Pressurei  =  K]  + 


Ci(  S1NH(  C2  ( Xt  +  C3)  ) )  +C4  +  273 


Where  X[  =  the  percent  recovered  at  a  given  temperature  t(°C),  divided  by  1(X). 


The  fining  parameters  Cj  through  C4  are  the  same  values  determined  in  equation  (1),  while  K|  and  K2 
were  determined  from  vapor  reflux  data  evaluated  with  equation  (2).  The  273  that  appears  in  the 

denominator  of  equation  (3)  is  used  to  convert  '’C  to  “Kelvin.  Values  for  SEE  and  are  not  reported 
because  much  of  the  data  used  for  these  correlations  (vapor  pressures  greater  than  14.7  psia)  were 
extrapolated  values.  However,  when  vapor  pressure  are  calculated  using  the  model  developed  for  sample 
DODX  1422-1  (JP-7)  and  compared  to  measured  and  extrapolated  results  from  VRM  test,  the  agreement 
is  excellent  (within  1.0%). 

When  the  calculated  vapor  pressures  for  sample  DODX  1422-1  (JP-7)  from  the  prediction  equation  are 
compared  to  predicted  values  from  the  MIL-T-38219  Appendix  C  nomograph  for  149“C  (300°F)  and 
260°C  (500°F),  the  agreement  is  excellent.  These  values  are  for  the  nomograph;  149°C,  2.85  psia  and 
260°C,  43.0  psia  and  for  the  prediction  equation;  149°C,  2.74  psia  and  260°C,  43.02  psia.  On  the  other 
hand,  while  the  experimental  high-density  fuel  meets  the  criteria  specified  for  applicability  of  the 
nomograph  (for  example,  no  more  than  28“C  (50°f^  difference  between  IBP  and  20%  recovered 
temperature,  and  no  greater  than  93“C  (200“F)  difference  between  the  5%  and  the  95%  recovered 
temperatures),  the  nomograph  is  not  accurate  for  predicting  the  vapor  pressure  of  high-density  fuel.  The 
vapor  pressures  at  149  and  260'’C  (300°  and  500°F)  derived  from;  (1)  measured/extrapolated  values,  (2) 
values  predicted  based  on  the  mathematical  model  developed  in  this  program,  and  (3)  values  predicted 
from  the  MlL-T-38219  nomograph  are  3.25  and  35.91;  3.26  and  35.90;  and  4.9  and  66,  respectively. 
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Figure  4.  ASTM  D86  Distillation  Data  for  Sample  No.  85-POSF-l  758 
(Light  Pyrolysis  Fuel) 


Currenily,  because  of  limitations  in  vapor  pressure  and  distillation  data,  the  model  shown  in  equation  3  is 
only  applicable  to  the  three  fuel  samples  tested  and  cannot  be  applied  to  other  fuel  samples  of  the  same 
type.  While  the  model  shown  in  equation  I  can  be  used  to  determine  new  fitting  parameters  Cj  through 

C4  from  a  SIMDIST  analysis  on  a  test  fuel,  there  is  presently  no  way  to  determine  K|  and  K2  without 
vapor  pressure  data.  However,  given  sufficient  SIMDIST  and  vapor  pressure  data  for  ?  representative 
cross  section  of  fuel  samples  within  each  fuel  type,  it  should  be  possible  to  predict  K|  and  K2  from 
simulated  data  or  determine  a  value  for  Kj  and/or  K2  that  is  representative  of  a  given  fuel  type. 

Two  alternatives  are  available  for  developing  a  vapor  pressure  prediction  method.  The  first  and  least 
accurate  method  would  be  to  generate  a  nomograph  for  each  fuel  similar  to  that  described  in  Appendix  C 
of  MIL-T-38219A.  The  reduced  accuracy  of  this  method  is  a  result  of  using  only  one  data  point  from  a 
distillation;  in  that  case  the  20%  recovered  temperature.  The  second  method  would  involve  the 
development  of  computer  software,  based  upon  the  initial  program  developed  in  this  investigation;  that 
can  be  combined  with  the  SIMDIST  software.  The  goal  would  be  to  (1)  develop  new  software  that  would 
use  the  SIMDIST  data  file  consisting  of  numerous  coordinate  pairs  of  percent  recovered  versus 
temperature,  (2)  produce  a  simulated  distillation  curve  as  shown  in  Figures  5,  6,  and  7,  (3)  produce  a 
table  or  figure  of  predicted  ASTM  D86  distillation  data,  and  (4)  produce  a  table  or  figure  of  predicted 
vapor  pressure  versus  temperature. 
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Figure  5.  ASTM  D2887  Distillation  Data  for  Sample  No.  DODX  1422-1  (JP-7) 


3.2.4  ASTM  D86  Versus  ASTM  D2887  Modeling 


Figures  14,  15.  and  16  describe  the  correlation  of  ASTM  D2887  to  ASTM  D86  data  for  the  three  fuels. 
Temperature  values  at  each  5  percent  recovered  point  for  ASTM  D86  were  plotted  against  temperatures 
for  the  same  percent  recovered  points  from  ASTM  D2887.  The  resulting  parabolic  curve  shapes  .vorc 
modeled  using  a  second-degree  polynomial  of  the  form; 

Y  =  Ci -t-C2  *  X-^C3  *X2  (4) 


where  Y  is  the  ASTM  D86  temperature  corresponding  to  the  ASTM  D2887  temperature  (X)  for  a  given 
percent  recovered.  A  higher  (third)  degree  polynomial  model  was  fitted  with  only  slight  improvements  in 
and  SEE.  These  improvements  were  not  considered  worth  the  additional  complexity  of  the 
third-degree  model.  If  additional  data  for  both  distillations  were  available  between  95%  recovered  and 
the  FBP,  the  third-degree  model  might  have  been  justified.  The  additK’nal  data  would  serve  to  fix  the 
shape  of  the  top  end  of  the  curve.  Very  gcKxi  agreement  was  observed  for  the  second  degree  fib  in  the 
90%  recovered  and  below  region. 
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ASTM  D2887  Simulated  Distillation  Data  for  Sample  No.  84-POSF-2038 
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Figure  7.  ASTM  D2887  Simulated  Distillation  Data  for  Sample  No.  85-POSF-1758 

(Light  Pyrolysis  Fuel) 
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'apor  Pressure  Data  for  Sample  No.  DODX  1422-1  (JP-7) 
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Figure  10.  Vapor  Pressure  Data  for  Sample  No.  85-POSF-1758  (Light  Pyrolysis  Fuel) 
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Figure  11.  Correlation  Model  for  Predicting  Vapor  Pressure  from  ASTM  D2887 
Simulated  Distillation  Data  for  Sample  No.  DODX 1422-1  (JP-7) 
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Figure  12.  Correlation  Model  for  Predicting  Vapor  Pressure  from  ASTM  D2887 
Simulated  Distillation  Data  for  Sample  No.  84-POSF-2038  (JP-8) 
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Figure  13.  Correlation  Model  for  Predicting  Vapor  Pressure  from  ASTM  D2887 
Simulated  Distillation  Data  for  Sample  No.  85-POSF-1758  (Light  Pyrolysis  Fuel) 


24 


Figure  14.  Correlation  Model  for  Predicting  ASTM  D86  Distillation  Results  from 
ASTM  D2887  Simulated  Distillation  Data  for  Sample  No.  DODX  1422-1  (JP-7) 
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Figure  15.  Correlation  Model  for  Predicting  ASTM  D86  Distillation  Results  from 
ASTM  D2887  Simulated  Distillation  Data  for  Sample  No.  84-POSF~2038  (JP~8) 
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Figure  16.  Correlation  Model  for  Predicting  ASTM  D86  Distillation  Results  from 
ASTM  D2887  Simulated  Distillation  Data  for  Sample  No.  85  ■POSF-I758 
(Light  Pyrolysis  Fuel) 


27 


SECTION  4.0 


CONCLUSIONS  AND  RECOMMENDATIONS 


Mathematical  models  were  developed  which  describe  the  correlations  between  (1)  ASTM  02887 
SIMDIST  data  and  ASTM  D86  distillation  data  and  (2)  ASTM  D2887  SIMDIST  data  and  vapor  pressures 
aetei  mined  using  the  v^RM  described  in  nppenuix  C  oi  MIL- 1  -j»2iVA.  in  addiuon,  a  computer  prugram 
was  developed  which  uses  the  mathematical  model  to  analyze  distillation  and  vapor  pressure  data  to 
calculate  model  fitting  parameters,  and  predict  ASTM  D86  distillation  data  and  vapor  pressure  data  from 
SIMDIST  data.  These  correlation  models  were  developed  on  the  basis  of  data  generated  for  only  one  fuel 
of  each  type:  JP-7,  JP-8,  and  an  experimental  high-density  fuel.  While  the  mathematical  models  were 
found  to  provide  accurate  predictions  for  the  fuels  tested,  it  is  necessary  to  test  the  applicability  of  the 
models  to  other  fuel  samples  of  the  same  specification  types. 

An  updated  version  of  the  VRM  described  in  Appendix  C  of  M1L-T-38219A  was  shown  to  provide 
accurate  vapor  pressure  data  for  pure  compounds  based  on  comparison  with  literature  values.  The  VRM 
was  also  shown  to  be  applicable  for  vapor  pressure  determinations  for  very  narrow  boiling  mixtures  such 
as  JP-7  fuels.  However,  because  of  the  wide  boiling  ranges  of  jet  fuels  such  as  JP-8,  Jet  A  and  u.,; 
experimental  high-density  fuel,  a  significant  variation  exists  between  the  vapor  and  liquid  temperatures 
under  equilibrium  conditions  of  the  VRM:  thereby,  reducing  the  accuracy  of  vapor  pressure 
determination.  This  observation  raises  concern  regarding  the  applicability  of  the  VRM  to  fuels  other  than 
narrow  boiling  range  fuels  such  as  JP-7. 

It  is  recommended  that  an  investigation  be  conducted  (literature  search  and/or  laboratory  tests  using 
compounds  and  mixtures  of  pure  compounds)  to  determine  which  vapor  pressure  method  is  most 
applicable  to  jet  fuel  analysis.  Several  methods  are  currently  used  for  vapor  pressure  determinations  on 
low-volatility  fuels,  including  the  isoteniscope  method  (ASTM  D2879),  the  micro-vapor  pressure  method 
(ASTM  D2551),  and  the  VRM  (MIL-T-38219A).  The  vapor  pressure  method  selected  should  provide 
accurate  (expected)  results  on  pure  compounds  and  mixtures  of  pure  compounds,  should  have  acceptable 
precision,  should  be  applicable  to  narrow  and  wide  boiling  range  fuels,  and  hopefully  will  not  change  the 
current  data  base  for  jet  fuel  vapor  pressures. 

Based  on  the  findings  of  the  recommended  investigation,  the  mathematical  models  presented  in  this 
document  should  be  modified  to  incorporate  vapor  pressure  data  from  the  selected  method.  Subsequent 
fuels  evaluated  during  the  program  will  then  provide  simulate:’  distillation  and  vapor  pressure  data  to  test 
and  modify  the  model  to  fit  the  variability  of  fuels  within  a  given  specification  fuel  type.  This  should 
then  make  possible  the  development  of  computer  software  to  read  the  data  file  created  by  ASTM  D2887 
SIMDIST  software,  then  predict  ASTM  D86  distillation  data  and  vapor  pressure  data  for  a  fuel  based  on 
the  SIMDIST  evaluation. 


28 


APPENDIX  A 


REFLUX  VAPOR  PRESSURE  TEST 


1.  SCOPE 

1  ms  procedure  is  applicaoie  tor  pure  compounds  and  narrow  boiling  range  hydrocartx)n  liquids,  ll  is 
recommended  the  test  be  limited  to  fluids  exhibiting  no  greater  than  TO^C  difference  between  the  ASTM 
D86IBPandFBP. 

2.  APPLICABLE  DOCUMENTS 

•  MIL-T-38219A,  Appendix  C, "  Va;  or  Pressure  Test" 

3.  SUMMARY  OF  METHOD 

Three  hundred  mL  of  material  are  heated  in  a  500-mL  Pyrex  flask  that  is  constructed  to  provide  magnetic 
stirring,  liquid  and  vapor  temperature  observation,  and  ground  glass  fitting  for  attachment  to  a  condenser. 
The  fuel  is  outgassed  by  vacuum  at  ambient  temperature  for  a  minimum  of  10  minutes.  Pressure  of  the 
system  is  set  by  means  of  the  Whitey  micro  bleed  valve  while  maintaining  vacuum  on  the  system.  Heat  is 
applied  to  the  Pyrex  fuel  container  while  maintaining  constant  pressure  and  magnetic  stirring  of  the  f"el. 
After  the  fuel  begins  boiling,  the  height  of  the  fuel  reflux  in  the  condenser  is  observed  and  care  taken  to 
maintain  a  constant  reflux  height  during  the  entire  test  procedure.  The  reflux  rate  is  considered  to  be  at 
equilibrium  when  the  vapor  temperature  and  the  liquid  temperature  agree  within  4°C.  The  pressure  and 
the  indicated  temperatures  of  liquid  and  vapor  are  recorded  at  each  pressure  point  selected  during  the  run. 
Higher  pressure  determinations  are  made  by  opening  the  bleed  valve  in  selected  increments  and 
increasing  the  applied  heat.  A  minimum  of  four  stable  reflux  conditions  (boiling  points)  are  obtained  and 
plotted  on  semilog  paper-the  reciprocal  of  absolute  temperature  on  the  abscissa  versus  the  logarithm  of 
vapor  pressure  in  psi  on  the  ordinate  for  each  boiling  point. 

4.  REAGENTS  AND  MATERIALS 

The  following  are  reagents  and  materials  used  to  perform  the  reflux  vapor  pressure  test: 

•  Vacuum  grease  for  sealing  ground  glass  joints  and  seating  rubber  stoppers. 

Note:  Silicone  grease  has  been  shown  to  cause  foaming  during  post  test  distillations  of  some  fuels 

•  Acetone,  reagent  grade,  for  cleaning  glassware. 

5.  APPARATUS 

The  following  apparatus  are  used  to  perform  the  reflux  vapor  pressure  test: 

•  Vacuum  system  capable  of  attaining  0.01  psia 

•  Variable  AC  voltage  transformer,  VWR  Catalog  No.  62546-251  or  equivalent 

•  Magnetic  stirrer.  Teflon-coated  magneuc  stirring  bar,  0.5-inch  StarHead  magnetic  stir  bars  are 
satisfactory 

•  Heating  mantle,  Glas-Col  500  mL  or  equivalent 
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•  Flask,  500  mL,  Pyrex  round  bottom,  short  neck  standard  taper  joint  24/40  with  thermometer  well, 

VWR  Catalog  No.  29129-428  or  equivalent 

•  Tube,  connecting,  three  way ,  joints  24/40.  Upper  ends  have  outer  joints  and  bottom  has  inner 

member  joint.  VWR  Catalog  No.  62960-024  or  equivalent 

•  Conden«f*r,  t  'cbig,  Pyrex,  41-mm  OD  x  300-mm  long  with  24/40  joint  at  bottom.  VWR  Catalog 

No.  23122-000  or  equivalent 

•  Rubber  tubing,  vacuum  and  medium  wall 

•  Bleed  valve,  I/4-inch,  Whitey  Micro  Metering,  Catalog  No.  22RS4  or  equivalent 

•  Trap,  vacuum,  separable,  joint  29/42;  VWR  Catalog  No.  55096-100  or  equivalent 

•  Dewar  flask,  vacuum,  flask  to  be  large  enough  to  accommodate  the  vacuum  uap  and  cooling 

medium 

•  Neoprene  stoppers,  green,  solid  No.  5  and  No.  4,  VWR  Catalog  No.  59589-212  and  59589-198  or 

equivalent.  The  No.  5  and  the  No.  4  neoprene  stoppers  must  be  drilled  with  holes  to  permit 
passage  of  3/32-inch  OD  probe  through  the  No.  5  stopper  and  V4  inch  OD  tubing  through  the  No. 
4  stopper 

•  TIic.Tnocouples,  Chromel-Alumel,  calibrated,  3/32-inch  diameter,  SS  sheathed,  closed  end. 

Thermocouple  prebe  1 0-inch  iong  with  6-foot  lead  wire 

•  Omega  Digicator  or  equivalent,  for  thermocouple  temperature  read  out 

•  Transducer,  0  to  15  psia,  transducer  housing  to  be  equipped  with  ihieaded  fitting  compauble  willi 

1/4-inch  Swagelok  hardware 

•  Digital  pressure  readout  system,  Anadex  Model  DPM-735-V1-A1 15,  or  equivalent 

•  Refrigerated  cooling  bath,  Endocal  Model  RTE-5B  or  equivalent. 

6.  SAMPLE 

The  sample  will  be  prepared  as  follows: 

1.  Transfer  600  mL  of  the  sample  into  a  clean  1000-mL  separatory  funnel,  cap  the  funnel  top,  then 
shake  the  funnel  for  1  to  2  minutes  and  allow  contents  to  settle  for  15  to  20  minutes. 

2.  Draw  off  lower  100  mL  of  fuel  and  discard, 

7.  PREPARATION  OF  APPARATUS 
Preparation  of  the  apparatus  includes  the  following  steps: 

1 .  Assemble  the  apparatus  as  shown  in  Figure  A-1. 

2.  Place  300  mL  of  the  prepared  sample  and  a  magnetic  stir  bar  in  the  500-mL  flask. 
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3.  Place  ice  around  the  vacuum  trap  in  the  dewar  flask. 

4.  Position  the  vapor  phase  thermocouple  through  the  No.  5  stopper  in  a  manner  that  the  probe  tip  is 
centered  and  even  with  the  top  rim  of  the  24/40  joint  of  the  500-mL  flask. 

5.  Place  the  liquid  phase  thermocouple  in  the  flask  thermometer  well  and  add  5  mL  of  high  flash 
point  oil  to  the  well. 

6.  Begin  the  stirring  action  with  the  magnetic  stirrer  set  at  a  high  speed.  Open  the  micrometer  bleed 
valve  and  slowly  engage  the  vacuum.  If  the  vacuum  system  is  opened  too  rapidly,  the  fuel  may 
bump  up  into  the  condenser.  As  the  system  pressure  decreases,  start  closing  the  bleed  valve.  When 
the  bleed  valve  is  completely  closed,  continue  the  fuel  outgassing  for  a  period  of  10  minutes. 

8.  PROCEDURE 

The  following  steps  are  to  be  performed  for  the  reflux  vapor  pressure  test: 

1.  Decrease  the  magnetic  stirrer  speed  to  a  rate  such  that  only  a  small  vortex  is  noted  in  the  fuel. 

2.  Slowly  raise  the  system  pressure  to  21.5  psia  using  the  micrometer  bleed  valve  and  the  flask 
temperature  by  use  of  the  variable  transformer  control. 

3.  Adjust  the  heat  input  and  stirring  speed  to  preclude  violent  boiling  of  the  fuel  which  would  cause 
bumping. 

4.  Verify  pressure  and  temperature  are  properly  adjusted;  this  ensures  a  steady  reflux  action  of  the 
fuel.  The  height  of  the  reflux  can  be  noted  in  the  bottom  section  of  the  condenser.  Condenser 
temperature  of  15°C  (60°F)  has  been  found  to  be  satisfactory.  Condenser  temperature  is  conuollcd 
by  adjusting  the  refrigerated  cooling  bath  temperature  controller. 

5.  When  refluxing  is  equilibrated,  observe  the  liquid  and  vapor  phase  temperatures  displayed  by  the 
Omega  Digicator  and  the  pressure  reading  displayed  by  the  Anadex  pressure  module. 

6.  If  the  two  temperatures  do  not  agree  within  4°C,  change  the  system  pressure  by  means  of  the  bleed 
valve,  increase  the  temperature,  and  repeat  temperature-pressure  measurements  until  stable  reflux 
conditions  are  reached. 

7.  Ensure  that  stable  reflux  conditions  are  such  that  the  temperature,  pressure,  and  fuel  reflux  height 
do  not  change  on  three  successive  readings  at  3-minuie  intervals. 

8.  Raise  the  system  pressure,  increase  the  temperature,  and  repeat  the  temperature-pressure 
measurements  over  the  entire  pressure  range  up  to  atmospheric  pressure,  A  minimum  of  four  stable 
reflux  conditions  (boiling  points)  will  be  obtained. 

9.  Record  the  temperature  of  the  liquid,  temperature  of  the  vapor,  and  pressure  of  the  system  at  stable 
reflux  conditions. 

10.  Allow  the  fuel  to  cool  to  ambient  temperature  and  pressure. 

1 1.  Remove  sufficient  fuel  from  the  flask  and  run  a  distillation  test  as  specified  by  ASTM  D86. 
Results  will  agree  within  the  prescribed  limits  with  those  obtained  previous  to  the  run  or  the  test 
results  will  be  discarded.  If  a  significant  increase  in  the  IBP  is  observed  between  pretest  and 
post-test  distillations,  this  indicates  the  probability  that  some  loss  in  lighter  ends  has  occurred, 


31 


causing  errors  in  vapor  pressure  determinations. 


9.  CALCULATIONS 

Calculations  are  to  be  performed  as  follows; 

1.  Plot  on  semilog  paper  the  reciprocal  of  absolute  temperature  on  the  abscissa  versus  the  logarithm 
of  vapor  pressure  in  psi  on  the  ordinate  for  each  boiling  point. 

2.  Draw  a  smooth  curve  through  the  boiling  points  obtained,  extending  the  lines  slightly  at  each  end. 

3.  Report  the  results  of  vapor  pressure  as  determined  by  the  vapor  reflux  method  from  the  prepared 
graph  at  desired  temperatures. 

Note:  An  alternate  method  of  plotting  the  vapor  pressure  as  a  function  of  temperature  has  been  found  to 
be  satisfactory.  Using  three -cycle  semilog  paper,  plot  the  temperature  (°R  on  the  abscissa  and  the 
logarithm  of  pressure  (psia)  on  the  ordinate  for  each  boiling  point.  A  smooth  curve  can  be  drawn  through 
these  points. 
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F igure  A-I .  Vapor  Pressure  Apparatus  Reflux  Method 
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DETERMINATION  OF  FUEL  PROPERTIES  AND  GENERAL  ANALYSIS 


Period  of  Performance 

15  November  1985  through  30  October  1986 
Reference 

Task  Order  No.  2,  Topical  Report  No.  5,  October  1986,  FR  19032-5,  T.B.  Biddle,  W.H.  Edwards,  S.J.  Guisinger, 
R.J.  Meehan,  P.A.  Wamer 

Abstract 

The  technical  work  performed  under  this  task  order  was  directed  toward  responding  to  the  Air  Force's 
requirements  for  rapid  analysis  and  short  term  investigations  of  fuels  and  fuel  system  components  to  identify  the 
cause  oi  fuel-related  problems  or  anomalies  that  exhibit  the  potential  to  adversely  affect  aircraft  performance. 
Additionally,  experimental  fuels  and  fuels  with  unique  properties  were  analyzed  to  ascertain  as  precisely  and 
acci;:atcly  as  practical  the  experimental  value  of  the  property  measured.  A  specified  number  of  these  tests  were 
conducted  as  a  function  of  temperature  over  a  range  of  -60  to  75°C  (-76  to  167°F). 


SECTION  1.0 
INTRODUCTION 


The  necessity  of  an  adequate  supply  of  dependable  fuels  for  operational  use  demands  in-depth  knowledge  and 
insight  into  the  concerns  affecting  fuel  availability  and  the  potential  consequences  or  tradeoffs  resulting  from  the 
use  of  fuels  from  alternate  sources  and  broadened  specification  fuels.  This  is  being  emphasized  by  the  current 
effort  initialed  by  the  United  States  Air  Force  to  use  a  higher-density,  lower-volatility  fuel  to  bolster  the 
volumetric  energy  value  and  increase  the  range  of  volume-limited  aircraft. 

Independent  Research  and  Development  (IR&D)  programs  and  government-funded  investigations  conducted  at 
the  P&W  Engineering  Division-South  have  played  a  fundamental  role  in  establishing  a  data  base  in  broad  areas  of 
fuel  technology.  These  areas  include  fuel  production  and  availability,  fuel  storage  and  transportation,  fuel 
contamination,  fuel  composition,  fuel  development,  additive  effectiveness,  fuel  and  material  compatibility,  fuel 
performance,  and  test  method  development  for  evaluating  fuel  properties.  Many  of  these  efforts  have  been  exerted 
in  response  to  identifying  and  resolving  problems  experienced  in  the  field  and  on  engine  test  stands. 

Performance  and  durability  problems  experienced  in  the  field  can  often  be  attributed  to  a  number  of  causes,  .iome 
of  which  involve  fuel  handling  and  storage,  and  the  effects  of  fuel  properly  changes.  In  an  attempt  to  define  the 
cause  of  possible  fuel-related  problems  that  might  be  anticipated  in  the  field,  cognizance  of  fuel  properties  which 
have  the  most  significant  impact  on  engine  performance  and  life,  the  specific  components  affected,  and  the  nature 
of  the  effect  is  of  consequence. 

Based  on  ihc.se  considerations,  the  technical  work  described  in  the  following  sections  was  directed  toward 
responding  to  the  Air  Force’s  requirements  for  rapid  analysis  and  short  term  investigations  of  fuels  and  fuel  system 
components  to  identify  the  cause  of  fuel-related  problems  or  anomalies  tnat  exhibit  the  potential  to  adversely 
affect  aircraft  performance.  Additionally,  experimental  fuels  and  fuels  with  unique  properties  were  analyzed  to 
ascertain  as  precisely  and  accurately  as  practical  the  experimental  value  of  the  properly  measured.  A  specified 
number  of  these  tests  were  conducted  as  a  function  of  temperature  over  a  range  of  -60  to  75X  (-76  to  167°F). 


34 


SECTION  2.0 


EXPERIMENTAL 


2.1  DETERMINATION  OF  FUEL  PROPERTIES  AND  GENERAL  ANALYSIS 

Six  Exxon  produced  experimental  high  density  fuels,  refined  from  light  cycle  gas  oil  (LCGO),  were  received  for 
deaminations  of  hydrocarbon  type  by  mass  spectroscopy,  gross  and  net  heat  of  combustion  and  kinematic 
viscosity  as  a  function  of  temperature.  These  candidate  JP-8X  samples  were  identified  as  85-POSF-2263, 
85-POSF-2264,  85-POSF-2265,  85-POSF-2266,  85-POSF-2267  and  85-POSF-2268,  respectively. 

Two  field  samples  of  unknown  origin,  85-POSF-2378  and  85-POSF-2379,  were  received  for  determination  of 
hydrocarbon  type  by  mass  spectroscopy  and  simulated  distillation.  These  samples  were  acquired  by 
AFWAL/POSF  through  the  Air  Force  Technology  Divis-on  and  were  originally  suspected  to  be  gasoline. 


2.1.1  Hydrocarbon  Type  by  Mass  Spectroscopy  and  FIA 

Determination  of  hydrocarbon  types  by  mass  spectroscopy  was  accomplished  using  ASTM  D2789  under  the 
direction  of  Dr.  Gene  Sturm  at  the  National  Institute  of  Petroleum  &  Energy  Research  (NIPER).  The  mass 
spectrometer  used  in  the  hydrocarbon  type  analysis  was  a  Consolidated  Electrodynamics  Corporation,  Type 
21-103,  with  a  heated  inlet  system.  The  analyses  consisted  of  determining  a  matrix  of  equations  relating  each  of 
the  hydrocarbon  types  to  a  summation  of  characteristic  mass  spectral  lines.  Average  carbon  numbers  were 
determined  for  the  paraffinic  and  aromatic  fractions  and  used  in  setting  up  a  series  of  simultaneous  equations.  The 
simultaneous  emjations  were  then  solved  to  provide  a  relative  measure  of  each  compound  type  present.  The 
paraffins,  monocycloparaffins,  dicycloparaffms,  alkylbenzenes,  indans  and  teu-alins,  and  naphthalenes  were 
calculated  in  volume  percents. 

The  olefin  content  of  the  fuel  samples  was  determined  by  P&W  using  the  Fluorescent  Indicator  Adsorption  (FlA) 
liquid  chromatography  method  described  in  ASTM  D1319.  Since  ASTM  D2789  includes  the  olefins  in  the 
monocycloparaffin  volume  percentage,  the  olefin  volume  percent  as  determined  by  ASTM  D1319  was  subU'acied 
from  the  monocycloparaffin  content  given  by  ASTM  D2789  to  reflect  accurately  both  the  monocycloparaffin  and 
olefin  volume  percentages. 

2.1.2  Gross  and  Net  Heats  of  Combustion 

The  gross  heat  of  combustion  at  25°C  (77°F)  was  determined  using  a  procedure  similar  to  ASTM  D2387,  "Heal  of 
Combustion  of  Hydrocarbon  Fuels  by  Bomb  Calorimeter,  High  Precision  Method",  utilizing  a  Parr  Model  1720 
Calorimeter  Controller  and  Model  1241  Calorimeter.  The  Parr  system  utilizes  thermistor  controller/tempcraiure 
monitors  as  opposed  to  platinum  resistance  thermometry  and  has  been  found,  in  this  laboratory,  to  provide 
accuracy  and  precision  equivalent  to  ASTM  D2382.  Gross  heats  of  combustion  were  calculated  using  the 
correction  for  the  heat  of  formation  of  the  sulfuric  and  nitric  acids  produced  during  combustion.  Determination  of 
the  sulfur  contents  were  performed  using  the  ASTM  D3120  Method,  "Trace  Quantities  of  Sulfur  by  Oxidative 
Microcoulometry."  The  sulfur  contents  were  reported  in  weight  percent. 

The  net  heats  of  combustion  were  calculated  using  the  hydrogen  content  determined  by  ASTM  D3701 ,  '  Hydrogen 
Content  By  Low  Resolution  Nuclear  Magnetic  Resonance  Spectrometry  Method."  Hydrogen  contents  were  also 
reported  in  weight  percent. 

2.1.3  Kinematic  Viscosity  as  a  Function  of  Temperature 

Viscosities  were  determined  using  ASTM  D445,  "Kinematic  Viscosity  of  Transparent  and  Opaque  Liquids. 
Thermometers  were  calibrated  with  an  NBS-certificd  platinum  resistance  thermometer  and  conformed  to  A.STM 
E-77,  "Verification  and  Calibration  of  Liquid-in-Glass  Thermometers."  Viscosity  tests  performed  below  25  C 
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(77°F)  used  a  NESLAB  refrigerated  viscosity  bath  with  a  temperature  variation  of  less  than  0.03°C  (0.05°F).  At 
these  low  temperatures,  drying  tubes  were  placed  on  the  open  ends  of  the  viscometers  which  prevented  water 
condensation  inside  the  viscometer.  Kinematic  viscosities  were  performed  at  -40'’C  (-40°F),  -20°C  (-4°F),  25°C 
(77°F),and40°C(104°F). 

2.1.4  Simulated  Distillation 

Simulated  distillation  by  gas  chromatography  was  performed  at  Pratt  &  Whitney  per  ASTM  D2887,  "Boiling 
Range  Distribution  of  Petroleum  Fractions  by  Gas  Chromatography,"  using  a  Packard  Model  439  gas 
chromatograph  with  a  Flame  Ionization  Detector  (FID).  Data  acquisition  and  reduction  were  accomplished  with  a 
Nelson  analytical  3000  Series  Chromatography  Data  System  with  software  interfaced  to  an  IBM  PC  AT 
Minicomputer.  The  column  was  a  packed  type  with  Chromasorb  WHP,  80  to  100  mesh,  and  liquid  phase  of 
SE-30,  10%  loading.  Temperature  readings  were  taken  after  every  5%  volatilized  from  the  initial  lo  the  final 
boiling  points  of  the  samples. 


SECTION  3.0 

RESULTS  AND  DISCUSSIONS 


3.1  DETERMINATION  OF  FUEL  PROPERTIES  AND  GENERAL  ANALYSIS 

3.1.1  Hydrocarbon  Type  Analysis  by  Mass  Spectroscopy  and  FIA 

Hydrocarbon  group-type  analyses  is  a  widely  used  procedure  for  obtaining  information  needed  to  evaluate 
feedstocks  and  products  in  the  petroleum  industry.  The  performance  and  specifications  of  jet  fuels  are  inherently 
dependent  upon  the  types  of  hydrocarbons  present. 

The  fuel  samples  received  for  hydrocarbon  type  analysis  consisted  of  the  six  candidate  high  density  JP-8X  fuels 
and  the  two  Air  Force  Foreign  Technology  Division  field  samples.  As  shown  in  Table  1,  straight  and  branched 
chain  paraffins  are  present  at  much  lower  concentrations  in  the  JP-8X  fuels  than  are  apparent  in  the  field  samples. 
Saturates  making  up  the  JP-8X  fuels  are  predominantly  in  the  cyclic  forms,  as  the  "highly  naphthenic"  description 
for  candidate  JP-8X  fuels  would  imply.  Consequently,  it  could  be  predicted  that  these  JP-8X  fuels  would  exhibit 
higher  densities,  lower  gravimetric  heats  of  combustion,  lower  hydrogen  content  and  increased  smoke  point  as 
compared  to  conventional  fuels.  The  field  samples  were  comprised  largely  of  straight  and  branched  chain 
saturates  followed  by  monocycloparaffins.  Unlike  the  high  density  fuels,  the  field  samples  contained  only  small 
concentrations  of  dicycloparaffins. 

3.1.2  Gross  and  Net  Heats  of  Combustion 

Heat  of  combustion  is  a  measure  of  the  energy  available  from  a  fuel.  Specific  fuel  types  have  characteristic  heals 
of  combustion.  A  knowledge  of  this  value  is  essential  when  considering  the  thermal  efficiency  of  equipment  for 
producing  either  power  or  heat.  The  heal  of  combustion  per  unit  mass  of  fuel  is  particularly  important  to 
weight-limited  aircraft  as  the  distance  an  aircraft  can  travel  on  a  given  weight  of  fuel  is  a  direct  function  of  the 
fuel's  mass  heat  of  combustion  and  its  density.  The  volumetric  heal  of  combustion  is  important  to  volume-limited 
aircraft  as  it  is  directly  related  to  the  distance  traveled  between  refuelings. 

Gross  and  net  heats  of  combustion  were  determined  for  the  six  JP-8X  high  density  candidate  fuels  along  with  the 
percentage  by  weight  hydrogen  and  sulfur  content,  and  the  percentage  by  volume  aromatic  content.  As  shown  in 
Table  2,  the  heats  of  combustion  correlate  with  the  hydrocarbon  types  present  in  the  six  high  density  fuels.  In 
general,  the  fuels  which  were  more  paraffinic  in  nature  with  lower  aromatic  and  bicyclic  components  exhibit  the 
higher  heats  of  combustion.  This  is  most  evident  when  comparing  the  first  two  fuels  tabulated  (85-POSF-2263  and 
8.S-ro.SF-22f>4)  with  the  last  lour  fuels  shown  (X5-FOSF-226.‘>  through  85-POSF-2768).  It  should  be  noted  that 
for  all  but  one  exception;  the  higher  gravimetric  heals  of  combustion  were  directly  related  to  the  lower  indan, 
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ictralin  and  naphthalene  content  of  the  JP-HX  candidate  fuels.  As  shown  in  Table  2,  higher  gravimetric  heals  o( 
combustion  correlate  well  with  increases  in  hydrogen  content,  while  volumetric  heals  of  combustion  tend  to 
decrease  with  increasing  hydrogen  content  as  a  result  of  decreases  in  density. 

3.U  Kinematic  Viscosity  as  a  Function  of  Temperature 

Aviation  fuels  must  have  acceptable  low-temperature  fluid  characteristics  to  insure  adequate  fuel  flow  to  the 
engine  during  long  missions  at  high  altitudes.  The  fuel's  viscosity  is  used  in  the  fuel  fluidity  calculations  and 
affects  spray  atomization  within  the  combustor,  engine  starting  characteristics,  low  power  combustion  efficiency 
and  pattern  factor.  Reduced  ignition  capability  can  occur  with  the  more  viscous  fuels  along  with  reduced  flow 
during  low  temperature  start  transients  and  reduced  augmentor  functional  suitability. 

Kinematic  viscosity  results  over  a  temperature  range  of  -40'^  to  +40°C  are  shown  for  the  six  JP-8X  high  density 
fuels  in  Table  3  and  Figure  1.  As  shown  in  Figure  1,  kinematic  viscosity  decreases  logarithmically  with  increasing 
temperature.  Sample  No.  85-POSF-2266,  containing  the  greatest  concentration  of  straight  and  branch  chain 
par^fms  and  lowest  concentration  of  dicycloparaffins  is  shown  somewhat  lower  than  the  remaining  JP-8X  fuels 
on  the  viscosity-temperature  curve. 

3.1.4  Simulated  Distillation 

Distillation  characteristics  are  a  measure  of  volatility  and  give  a  broad  indication  of  fuel  type.  Aircraft  engine 
fuels  must  be  easily  convertible  from  storage  in  the  liquid  form  to  the  vapor  phase,  which  allows  the  formation  of 
the  combustible  air/fuel  vapor  mixture.  In  gas  turbine  engines,  fuel  volatility  influences  the  rate  at  which  the  fuel 
spray  vaporizes,  thereby  influencing  ignition,  combustion  efficiency  and  combustor  exhaust  temperature  profile 
(pattern  factor).  Ignition  characteristics  are  affected  primarily  by  lower  boiling  fractions  (i.e.  the  10%  distillation 
temperature)  while  combustion  efficiency  and  pattern  factor  are  believed  to  be  controlled  by  the  heavier  fuel 
fractions  (i.e.  the  90%  distillation  temperature). 

Table  4  is  a  tabulation  of  the  simulated  distillation  data  for  the  two  Air  Force  Technology  Di’.isicn  fuels 
designated  as  sample  numbers  85-POSF-2378  and  85-POSF-2379.  Although  these  samples  were  originally 
identified  as  gasoline-type  fuels,  the  distillation  characteristics  shown  in  Table  4  would  suggest  a  Jet  A,  Jet  A-l,  or 
JP-8  rather  than  a  gasoline,  or  a  gasolene  which  was  severely  weathered.  The  two  samples  were  of  unknown 
origin.  For  comparative  purposes,  a  typical  simulated  distillation  range  for  JP-4  would  approximate  an  initial 
boiling  point  of  25''C  (77‘’F)  and  a  final  boiling  point  of  275°C  (527°F). 
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TABLE  1 


HYDROCARBON  TYPE  ANALYSES  OF  CANDIDATE  HIGH  DENSITY 


Fuel  Samples 

2263  2264  2265  2266  2267  2268  2378  2379 


NIPER  Results  Using  ASTM  D2789  (Mass  Spec) 


Paraffins 

Monocycloparaffins  ^ 
Dicycloparaffins 
Alkylbenzenes 
Indans  and  teiralins 
Naphthalenes 

Olefins' 


11.7 

10.7 

9.3 

30.3 

9.6 

5.3 

54.3 

63.6 

19.7 

18.5 

27.1 

25.4 

28.5 

41.5 

30.5 

24.4 

27.7 

26.4 

43.5 

18.2 

46.7 

50.6 

3.5 

0.7 

16.8 

11.4 

6.0 

15.3 

6.2 

2.0 

9.3 

8.9 

21.3 

28.5 

12.0 

9.5 

7.8 

0.6 

1.4 

1.4 

2.3 

3.9 

1.5 

0.8 

0.7 

BDL2 

0.5 

0.5 

0.6 

0.6 

0.5 

0.5 

0.5 

BDL2 

0.5 

0.4 

Pratt  &  W)  itney  Results  Using  ASTM  D13I9  (FI A) 


Saturates 

Aromatics 

Olefins 


52.4 

45.9 

74.7 

71.6 

80.9 

95.1 

84.4 

85.2 

47.0 

53.5 

24.8 

27.9 

18.6 

4.9 

15.1 

14.4 

0.6 

0.6 

0.5 

0.5 

0.5 

BDL2 

0.5 

0.4 

Average  Carbon  Number  from  NIPER  Results  Using  ASTM  D2789  (Mass  Spec) 

Paraffin  9.19  9.27  8.72  9.65  9.11  12.00 

Aromauc  8.86  8.83  9.14  9.20  8.65  6.04 


^Olefin  values  taken  from  the  ASTM  D1319  results,  subtracted  from  ASTM  D2789  matrix 
inverse  results  for  monocycloparaffins 
^Bclow  detectable  limits 


TABLE  2 

HEAT  OF  COMBUSTION  DATA  FOR  CANDIDATE  HIGH  DENSITY 

FUELS  PRODUCED  FROM  LIGHT  CYCLE  GAS  OIL 

POSF  No. 

H 

Wl.  % 

S 

Wt.  % 

Gross  Heal  of 
Combustion 
MJ/kg  (Btu/lb) 

Net  Heat  of 
Combustion 
MJ/kg  (Blu/lb) 

Volumetric  Heat 
of  Combustion 
MJL  (Btu/gal) 

85-2263 

12.18 

0.004 

44.743  (19236) 

42.158(18125) 

37.054(132942) 

85-2264 

11.89 

<•002 

44.485  (19125) 

41.962(18040) 

37.724(135345) 

85-2265 

12.89 

<.002 

45.236  (19448) 

42.501  (18272) 

37.422(134264) 

85-2266 

13.19 

0.004 

45.513  (19567) 

42.714(18364) 

36.063(129393) 

85-2267 

13.08 

<.002 

45.229  (19445) 

42.453  (18252) 

37.083(133051) 

85-2268 

13.55 

<.002 

45.655  (19628) 

42.642  (18333) 

36.996(132739) 

TABLE  3 

KINEMATIC  VISCOSITY  FOR  CANDIDATE  HIGH  DENSITY 
FUELS  PRODUCED  FROM  LIGHT  CYCLE  GAS  OIL 


Sample  No. 

-40°C  (-40°F) 

Kinematic  Viscosity 
-20'’C  (-4°F)  25®r  nTV\ 

40X(104°F) 

85  POSF  2263 

20.83 

7.97 

2.31 

1.76 

85  POSF  2264 

35.40 

11.19 

2.75 

2.05 

85  POSF  2265 

34.% 

11.79 

2.95 

2.19 

85  POSF  2266 

10.78 

5.02 

1.77 

1.40 

85  POSF  2267 

27.16 

9.94 

2.69 

2.05 

85  POSF  2268 

30.65 

11.07 

2.93 

2.19 
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TABLE  4 

SIMULATED  DISTILLATION  FOR  AF  FOREIGN  DIVISION 
nELD  SAMPLES 


Fuel  Sample  No. 

Temperature 
T-1  (802)  Fuel 

°C  (°F) 

Fuel  102 

IBP 

96.5  (205) 

105.5  (222) 

5% 

133.0(271) 

134.0  (273) 

10% 

138.0(280) 

140.0  (284) 

15  % 

142.5  (289) 

146.0  (295) 

20% 

150.0  (302) 

151.5  (304) 

25% 

152.5  (306) 

157.0  (314) 

30% 

160.0(320) 

162.0  (323) 

35% 

164.0  (327) 

166.5  (332)  1 

40% 

168.5  (336) 

172.0(342) 

45  % 

174.5  (346) 

175.5(348)  I 

50% 

177.0  (351) 

180.0(356) 

55  % 

183.5  (362) 

186.0  (367) 

60% 

189.5  (373) 

192.0(378) 

65  % 

1%.0  (385) 

197.0  (386) 

70% 

198.0  (388) 

200.0  (392) 

75  % 

205.5  (402) 

207.5  (405) 

80% 

212.0(414) 

214.0(417) 

85% 

217.0(423) 

217.5  (423) 

90% 

222.0(432) 

223.5  (434) 

95% 

231.5(449) 

232.5(451) 

FBP 

249.0(480) 

250.5  (483) 

. 

1 

i 
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Figure  I .  Kinematic  Viscosity  As  a  Function  of  leniperature  For  Candidate  Den  sity  JP-SX  Fuels 
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TEMPERRTURE  (C) 


SECTION  4.0 


CONCLUSIONS 


Straight  and  branched  chain  paraffins  were  found  to  be  present  in  much  lower  concentrations  in  the  candidate 
JP-8X  fuels  than  were  apparent  in  the  field  samples.  Saturates  making  up  the  JP-8X  fuels  were  found  to  be 
predominantly  the  cyclic  form,  in  contrast  to  the  high  density  fuels,  the  field  samples  contained  only  small 
concentrations  of  dicycloparaffins.  Heats  of  combustion  correlated  well  with  the  hydrocarbon  types  present  in  the 
six  high  density  fuels.  Higher  gravimetric  heats  of  combustion  were  exhibited  by  those  fuels  which  were  highly 
paraffinic  and  lower  in  aromatic  and  bicyclic  compounds.  Simulated  distillation  data  for  the  2  Air  Force  Foreign 
Technology  Division  samples  of  unknown  origin  and  fuel  type,  indicate  a  Jet  A,  Jet  A-1,  or  JP-8  type  fuel. 
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DETERMINATION  OF  THERMAL  CONDUCTIVITY 
OF  AIRCRAFT/MISSILE  FUELS 


Period  of  Performance 

15  December  1985  through  1  April  1986 

Reference 

Task  Order  No.  5.  Topical  Report  No.  2.  FR  19032-2,  April  1986,  S.J.  Guisinger,  T.B.  Biddle,  P.A. 
Warner 

Abstract 

Six  fuels  were  evaluated  tc  determine  thermal  conductivity  as  a  function  of  temperature:  JP-4,  JP-7, 
JP-8,  JP-10,  RJ-6  and  JP-TS.  The  fuel  samples  were  evaluated  in  duplicate  along  with  two  standards  over 
the  temperature  range  from  O^C  to  75°C. 


SECTION  1.0 
INTRODUCTION 


Aircraft  and  missile  fuels  have  an  important  secondary  use  as  a  heat  sink,  cooling  the  aircraft  electronic 
equipment,  hydraulic  fluids  and  lubricants.  The  rate  at  which  heat  energy  is  u-ansferred  through  the  fuel 
is  called  its  thermal  conductivity. 

In  the  "Handbook  of  Aviation  Fuel  Properties”  compiled  by  the  Coordinating  Research  Council  (CRC) 
Aviation  Handbook  Advisory  Group,  the  thermal  conductivities  for  all  hydrocarbon  based  aircraft  and 
missile  fuels  are  represented  as  one  straight  line  function  dependent  on  temperature.  The  objective  of 
this  investigation  was  to  determine  whether  these  fuels  do,  in  fact,  possess  the  same  thermal 
conductivity/iemperature  relationship  or  if  thermal  conductivity  is  dependent  upon  fuel  type. 

Six  fuels  were  evaluated  to  determine  thermal  conductivity  as  a  function  of  temperature  in  this  task: 
JP-4,  JP-7,  JP-8,  JP-10,  RJ-6  and  JP-TS.  The  fuel  samples  were  evaluated  in  duplicate  along  with  two 
standards  over  the  temperature  range  from  0°C  to  75°C. 


SECTION  2.0 
EXPERIMENTAL 


Determination  of  thermal  conductivity  was  accomplished  in  accordance  with  ASTM  D2717,  "Test  lor 
Thermal  Conductivity  of  Liquids"  at  Phoenix  Chemical  Laboratory  in  Chicago,  III.  This  method  is 
applicable  to  liquids  that  are  chemically  compatible  with  borosilicate  glass  and  platinum,  moderately 
transparent  or  absorbent  to  infrared  radiation,  and  have  a  vapor  pressure  less  than  27  kPa  (3.9  psia)  at  the 
test  temperature.  Materials  that  have  vapor  pressures  of  up  to  395  kPa  (50  psia),  such  as  JP-4,  arc  also 
tested  provided  that  adequate  measures  are  taken  to  repress  volatilization  of  the  sample  of  pressurizing 
the  thermal  conductivity  cell.  All  the  fuels  investigated  in  this  task  order  had  these  characteristics 
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making  this  a  valid  method  for  determining  thermal  conductivity. 


The  thermal  conductivity  measurerucnt  cell  consisted  of  a  straight,  four-lead,  platinum  resistance 
thermometer  element  located  concentrically  in  a  long,  small-diameter,  precision-bore  borosilicate  glass 
tube.  The  thermal  conductivity  was  then  determined  by  measurement  of  the  temperature  gradient  across 
the  fuel  which  was  generated  from  a  known  amount  of  energy  introduced  into  the  test  cell  by  an 
electrically  heated  platinum  element. 

The  conductivity  of  the  glass  cell  body  was  obtained  from  the  manufacturer’s  literature,  with  additional 
calibration  accomplished  by  using  a  standard.  The  temperature-resistance  relationship  of  the  cell 
filament  was  determined  by  measurement  of  its  resistance  at  various  temperatures  with  the  cell  filled 
with  freshly  boiled  distilled  water  or  the  sample. 

Measurements  at  30,  50  and  75°C  used  a  specially  designed  oil  bath  to  achieve  and  maintain  temperature 
to  within  +  0.00 1°C.  A  thermopile  was  used  to  control  the  bath  temperature  while  monitoring  of  thermal 
conductivity  measurements  at  Q°C  relied  on  the  freeze  point  of  a  carefully  maintained  ice/water  bath. 
The  values  for  thermal  conductivities  below  0°C  were  determined  by  an  appropriate  linear  function. 


SECTION  3.0 

RESULTS  AND  DISCUSSION 


■’"able  1  show«  the  thermal  conductivity  data  for  duplicate  analysis  of  the  six  fuels  and  a  single  analysis 
for  each  reference  standard.  Preliminary  review  of  the  table  indicates  good  repeatability  between  the 
blind  duplicates  at  any  given  temperature  and  there  appears  to  be  evidence  of  differentiation  between  fuel 
types.  However,  a  rigid  data  analysis  was  needed  to  substantiate  any  correlations  or  interactions. 

A  statistical  evaluation  using  two  way  analysis  of  variance  with  replication  was  conducted  to  determine 
whether  the  data  showed  with  statistical  certainty  that  fuel  type  affects  thermal  conductivity.  Table  2 
shows  the  statistical  tests  rejecting  the  hypothesis  that  fuel  type  does  not  affect  thermal  conductivity.  The 
computed  F  value  uses  the  fuel  type  as  the  source  ot  variation  and  is  calculated  using  equations  found  in 
Reference  1.  This  value  is  smaller  than  the  critical  F  value  which  is  found  in  Reference  2  at  5  and  24 
degrees  of  freedom  and  a  0.5%  level  of  significance.  This  indicates  that  the  original  hypothesis  is 
rejected  and  therefore  fuel  type  does  influence  thermal  conductivity  at  a  99.5%  confidence  level. 

Figures  1  through  1 1  show  the  data  with  a  least  square  fit  regression  line  drawn  through  the  raw  data 
points.  With  the  inherent  limitations  of  the  present  method  precision  (A.STM  D2717  estimates 
repeatability  at  10%),  these  curve  fits  are  considered  to  be  more  accurate  than  the  raw  data  over  the  range 
of  test  temperatures  at  which  the  values  were  measured.  Also  included  on  each  plot  is  the  correlation 
coefficient,  which  is  a  measure  of  how  well  the  regression  equation  fits  the  raw  data  and  the  standard 
error  of  the  estimate,  which  is  a  measure  of  the  deviations  about  the  regression  line.  The  regression  line 
parameters  of  slope  and  y-intercept  are  given  for  ease  in  determining  values  at  any  given  temperature. 
Table  3  shows  the  values  calculated  from  the  regression  line  for  each  of  the  sample  fuels  and  the  two 
standards. 

Figures  1  and  3  show  the  toluene  and  dimethyl  phthalate  standard  regression  lines  and  correlation 
parameters  while  Figures  2  and  4  compare  these  regression  lines  to  the  literature  values.  As  shown,  the 
toluene  data  is  within  approximately  4  to  7%  of  literature  values,  while  the  dimethyl  phthalate  is  within 
0.7  to  5%  of  the  ASTM  values.  Figures  5  through  10  show  the  individual  fuel  regression  line  plots. 
Figure  1 1  is  a  compari.son  of  all  the  fuels  showing  that  the  fuel  types  vary  not  only  in  the  magnitude  of 
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thermal  conductivity,  but  also  vary  in  thermal  coefficients  as  shown  by  the  difference  in  slopes. 


TABLE  1 

MEASURED  THERMAL  CONDUCTIVITY,  W/M/K 

Fuel  Description 

0'=’C 

30°C 

50°C 

75°C 

81POSF078  (JP-10) 

.122 

.120 

.115 

.112  1 

.122 

.121 

.115 

.113  j 

82  POSF  0562  (JP-8) 

.125 

.124 

.118 

.116  1 

.129 

.129 

.120 

.119  1 

83POSF0708  (JP-4) 

.124 

.125 

.116 

.119  1 

.125 

.126 

.116 

.115  1 

83  POSF  0878  (JP-7) 

.123 

.123 

.115 

.118 

.127 

.120 

.116 

.116 

84  POSF  1688  (RJ-6) 

.117 

.115 

.111 

.112 

119 

.115 

.109 

.112 

84  POSF  2075  (JP-TS) 

.122 

.122 

.114 

.113 

.124 

.122 

.115 

.112 

1  Standards 

1  Toluene 

.148 

.140 

.133 

.133 

1  Dimethyl  Phthalate 

.159 

.150 

.142 

.145 
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TABLE  2 


TWO  WAY  ANALYSIS  OF  VARIANCE  WITH  REPLICATION 
TO  DETERMINE  IF  FUEL  TYPE  AFFECTS  THERMAL  CONDUCTIVITY 


Hypothesis; 

Fuel  type  does  not  affect  thermal 
conductivity. 

Source  of  variation: 

Fuel  Type 

Sum  of  squares; 

3.6942  X  10"^ 

Degrees  of  freedom: 

5  (6  fuels -1) 

Mean  square; 

1.8471  X  10"^ 

Calculated  F;* 

30.05 

Critical  F  value:** 

(0.5%  level  of 
significance) 

4.49 

Calculated  F  >  Critical  F  at  0.5%  level  of  significance. 

Therefore,  there  is  a  99.5%  level  of  confidence  that  fuel  type  affects  thermal 
conductivity. 


♦Calculated  F  obtained  using  equations  from  Reference  1 . 

♦♦Cntical  F  obtained  from  Reference  2  at  k-1  degrees  of  freedom  for  the  variation  source, 
nk(r-l)  degrees  of  freedom  for  the  error  and  0.5%  significance  level. 

k  =  number  of  treatments  or  fuel  types  (6) 


n  =  number  of  temperatures 

(4) 

r  =  number  of  replicate  runs 

(2) 
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TABLE  3 


CALCULATED  THERMAL  CONDUCTIVITY,  W/M/K* 


— 

Fuel  Description 

0°C 

30°C 

50°C 

75°C 

81POSF078  (JP-10) 

.123 

.119 

.116 

.113 

82  POSF  0562  (JP-8) 

.128 

.124 

.121 

.117 

83POSF0708  (JP-4) 

.126 

.122 

.119 

.116 

83  POSF  0878  (JP-7) 

.125 

.121 

.118 

.115 

84  POSF  1688  (RJ-6) 

.117 

.115 

.113 

.110 

84  POSF  2075  (JP-TS) 

.124 

.119 

.116 

.112 

CRC  Data 

.119 

.114 

.110 

.106 

Standards 

1 

Toluene 

.14/ 

.140 

.136 

.131 

CRC  Data 

.141 

.133 

.128 

.122 

Dimethyl  Phthalate 

.157 

.151 

.147 

.142 

ASTM  D2717  Data 

.150 

.147 

.144 

.141 

1  *  Calculated  using  least  squares  fit  of  measured  data 
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Figure  3.  Thermal  Conduclivity  Data  Fit  for  Dimethyl  Phthalate 
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Figure  4.  Comparison  of  Measured  Dimethyl  Phthalate  I  hermal  Conductivity  to  Literature  V  aiues 
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f  igure  II  Comparison  of  I  hermal  Condm  li'.iiy 


I  For  All  Fuel  ispes 


SECTION  4.0 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  following  conclusions  have  been  ascertained  through  the  statistical  analysis  of  the  raw  data. 

•  Due  to  the  inherent  limitations  in  the  precision  of  ASTM  D2717,  the  thermal  conductivities  of 
hydrocarbon  based  fuels  calculated  from  regression  line  equations  produced  from  measured  values  arc 
considered  more  accurate  than  the  raw  data. 

•  Fuel  types  vary  in  both  magnitude  of  thermal  conductivity  and  in  thermal  coefficients.  Two  way 
analysis  of  variance  shows  that  there  is  a  99.5%  confidence  level  that  fuel  type  affects  thermal 
conductivity  and  the  fuels  would  be  better  represented  by  individual  line  functions. 

It  is  recommended  that  a  motion  containing  a  proposed  change  to  the  "Handbook  of  Aviation  Fuel 
Properties"  be  submitted  to  the  CRC  for  consideration.  The  change  would  involve  using  unique  line 
functions  to  better  represent  the  individual  fuel  thermal  conductivities  in  place  of  the  existing  single  line 
representation. 


REFERENCE^ 

1.  "Probability  and  Statistics  for  Engineers  and  Scientists",  R.  E.  Walpole  and  R.  H.  Meyer,  2nd  cd., 
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CHARACTERIZATION  OF  CANDIDATE  HIGH  DENSITY  FUELS 


Period  of  Performance 

15  E>ccember  1985  ihrough  15  September  1986 

Reference 

Task  Order  No.  4,  Topical  Report  No.  3,  FR- 19032-3,  September  1986 

Abstract 

The  Air  Force  is  currently  conducting  programs  designed  to  obtain  demonstration  batches  of  fuels  from 
sources  other  than  petroleum,  from  petroleum  refinery  by-product  sources,  and  from  novel  refining 
streams.  The  JP-8X  experimental  high  density  fuels  currently  being  investigated  have  a  volatility  more 
proportionate  with  heavier  refinery  feedstocks.  A  kerosene  fuel  of  this  type,  besides  being  denser  and 
more  viscous,  would  tend  to  be  more  naphthenic  (cyclic  paraffins),  higher  in  aromatic  content,  and  lower 
in  hydrogen  content.  The  technical  effort  conducted  under  this  task  order  was  directed  at  characterizing 
the  properties  and  composition  of  several  naphthenic/aromatic  based  JF-8X  jet  fuels  relative  to 
conventional  jet  fuels. 


SECTION  1.0 

INTRODUCTION  AND  BACKGROUND 

Worldwide  shortages  of  conventional  high  quality  crude  oils  have  dramatically  reduced  the  availability  of 
aircraft  fuels  in  past  years.  More  recently,  the  refinery  industry  has  gone  ihrough  a  severe  transitory 
period  where  a  shift  to  lower  quality  crudes  and  syncrudes  from  alternate  sources,  such  as  oil  shale,  tar 
sands,  coal  liquids  and  heavy  oils  has  caused  increased  processing  costs  and  uncertain  market 
fluctuations.  Additionally,  there  is  a  trend  toward  the  increased  conversion  of  heavy  residual  oils  to 
transportation  fuels,  with  reduced  consumption  as  coker  fluids  and  boiler  fuels.  Refineries  are  applying 
more  severe  processing  conditions  to  the  refining  of  syncrudes  and  residual  materials.  A  combined  effect 
of  these  trends  is  a  gradual  shift  in  the  average  properties  and  composition  of  jet  fuels  consumed  by  the 
Air  Force. 

In  order  to  assure  that  the  Air  Force  has  an  adequate  supply  of  jet  fuel  in  a  crude-short  world,  it  is 
compulsory  that  the  Air  Force  investigate  both  the  near-term  and  long-term  prospects  for  fuels  from 
alternate  sources  and  state-of-the-an  processing  methods.  The  chemisuy  and  combustion  behavior  of 
such  fuels  must  be  carefully  defined.  The  Air  Force  is  currently  conducting  programs  designed  to  obtain 
demonstration  batches  of  fuels  from  sources  other  than  petroleum,  from  petroleum  refinery  by-product 
sources,  and  from  novel  refining  streams.  Sizable  quantities  of  these  demonstration  batches  are  being 
produced  for  combustion  rig  tests.  The  JP-8X  experimental  high  density  fuels  currently  being 
investigated  have  a  volatility  more  proportionate  with  heavier  refinery  feed.siocks.  A  kerosene  fuel  of 
this  type,  besides  being  denser  and  more  viscous,  would  lend  to  be  more  naphthenic  (cyclic  paraffins), 
higher  in  aromatic  content,  and  lower  in  hydrogen  content.  The  technical  effort  conducted  under  this  task 
order  was  directed  at  characterizing  the  properties  and  composition  of  several  naphthenic/aromatic  based 
JP-8X  jet  fuels  relative  to  conventional  jet  fuels.  These  characteristics  wiii  be  used  in  correlating  results 
from  combustion  testing  ongoing  under  Other  Air  Force  Programs. 

The  first  set  of  samples  were  received  on  2  January  1986  and  contained  three  convcnuonal  combustor  test 
fuels;  85-POSF-2366  (JEf  A).  85-POSF-2.367  (JP-4).  and  85-POSF-236H  (Diesel  Fuel  #2).  The  second 
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sei  of  fuel  samples  consisting  of  three  Sun  Oil  Company  Light  Cycle  Gas  Oil  (LCGO)  candidate  JP-8X 
fuels,  86-POSF-2383  (20%  aromatics),  86-POSF-2398  (30%  aromatics),  and  86-POSF-2414  (45% 
aromatics)  were  received  28  January  1986.  A  third  set  of  two  samples  arrived  4  April  1986  and  consisted 
of  an  Alison  Turbine  combustor  test  fuel,  86-POSF-2415  (JP-4),  and  a  Sun  Oil  Company  Light  Pyrolysis 
Fuel  Oil  (LPFO)  candidate  JP-8X  fuel,  86-POSF-2429  (30%  aromatics). 

The  eight  fuels  were  characterized  by  determining  their  hydrocarbon  types  of  mass  spectrometry  and 
fluorescent  indicator  adsorption  (FIA)  methods,  simulated  distillation,  gross  and  net  heats  of  combustion, 
sulfur  and  hydrogen  content,  and  density,  true  vapor  pressure,  surface  tension,  dielectric  constant, 
specific  heat,  kinematic  viscosity  and  thermal  conductivity  as  functions  of  temperature. 


SECTION  2.0 
EXPERIMENTAL 

This  section  describes  the  equipment  and  procedures  used  in  evaluating  the  experimental  high  density 
fuels  and  selected  conventional  fuels. 

2.1  HYDROCARBON  TYPES  BY  MASS  SPECTROMETRY  AND  FIA 

Determination  of  hydrocarbon  types  by  mass  spectroscopy  was  accomplished  using  ASTM  D2789  under 
the  dire''tion  of  Dr.  Gene  Sturm  at  the  National  Institute  of  Petroleum  Energy  Research  (NIFER).  The 
mass  spectrometer  used  in  the  hydrocarbon  type  analysis  was  a  Consolidated  Electrodynamics 
Corporation  Type  21-103  with  a  heated  inlet  system.  This  was  the  system  used  during  the  development 
phase  of  the  ASTM  D2789  procedure  making  it  the  most  directly  applicable  instrument  for  this 
procedure.  The  analysis  consisted  of  determining  a  matrix  of  equations  relating  each  of  the  hydrocarbon 
types  to  a  summation  of  characteristic  mass  spectral  lines.  The  paraffin  and  aromatic  average  carbon 
numbers  were  determined  trom  the  summations  and  used  in  setting  up  a  series  of  simultaneous  equations. 
These  equations  were  then  solved  to  provide  a  relative  measure  of  each  compound  type  present.  The 
paraffins,  monocycloparaffins,  dicycloparaffins,  alkylbf*nzenes,  indans  and  teualins,  and  naphthalenes 
were  measured  in  volume  percents. 

The  Fluorescent  Indicator  Adsorption  (FIA)  liquid  chromatography  procedure  described  by  ASTM  D1319 
'  Hydrocarbon  Types  in  Liquid  Petroleum  Products  by  Fluorescent  Indicator  Adsorption  "  was  performed 
by  Pratt  &  Whitney  and  used  to  determine  the  olefin  content  in  the  fuel  samples.  Since  ASTM  D2789 
includes  the  olefins  in  the  monocycloparaffin  volume  percentage,  the  olefin  percentage  was  then 
subuacted  from  the  monocycloparaffin  content  to  give  the  complete  fuel  compound  volume  percentages. 

2.2  SIMULATED  DISTILLATION 

The  simulated  distillation  by  gas  chromatography  gave  an  indication  of  the  volatility  of  the  fuel  samples. 
This  measurement  was  performed  at  Pratt  &  Whitney  per  ASTM  D2887  "Boiling  Range  Distribution  of 
Petroleum  Fractions  by  Gas  Chromatography"  using  a  Packard  Model  439  gas  chromatograph  with  a 
Flame  loni/ation  Detector  (FID).  Data  acquisition  and  reduction  were  accomplished  with  a  Nel.son 
Analyucal  3900  Scries  Chromatography  Data  System  with  software  interfaced  to  an  IBM  PC  AT 
minicomputer.  The  column  was  a  packed  type  with  chromosorb  WHP,  80  to  1(X)  mesh,  and  liquid  phase 
of  SE-30  10%  loading.  Temperature  readings  were  taken  after  every  5%  volatilized  from  the  initial  to 
the  final  boiling  points  of  the  samples. 
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23  GROSS  AND  NET  HEATS  OF  COMBUSTION 

The  gross  heat  of  combustion  at  25°  (77°F)  was  determined  using  a  procedure  similar  to  ASTM  D2382, 
"Heat  of  Combustion  of  Hydrocarbon  Fuels  bv  Bomb  Calorimeter,  High-Prccision  Method,"  utilizing  a 
Parr  Model  1720  Calorimeter  Controller  and  Model  1241  Calorimeter,  The  Parr  system  utilizes 
ihcrmister  controller/tempcrature  monitors  as  opposed  to  platinum  resistance  thermometry  and  has  been 
found  in  this  laboratory  to  provide  accuracy  and  precision  equivalent  to  ASTM  D2382. 

Gross  heats  of  combustion  were  calculated  using  the  correction  for  the  heat  of  formation  of  the  sulfuric 
and  nitric  acids  produced  during  combustion.  Determination  of  the  sulfur  contents  were  performed  using 
the  ASTM  D3120  method,  "Trace  Quantities  of  Sulfur  by  Oxidative  Microcoulomctry."  The  sulfur 
contents  were  reported  in  weight  percent. 

The  net  heats  of  combustion  were  calculated  using  the  hydrogen  content  determined  by  ASTM  D37()l, 
"Hydrogen  Content  by  Low  Resolution  Nuclear  Magnetic  Resonance  Spectrometry  Method."  The 
hydrogen  contents  were  also  reported  in  weight  percent. 

2.4  SPECIFIC  HEAT  AS  A  FUNCTION  OF  TEMPERATURE 

Specific  heat  measurements  were  determined  using  the  Diffcrcnual  Scanning  Calorimetry  (DSC) 
technique  described  by  Hodgson,  et  al  in  "Analysis  of  Aircraft  Fuels  and  Related  Materials," 
AFWAL-TR-82-2082.  The  analyses  were  conducted  on  a  DuPont  Model  910  DSC  with  a  DuPont  1090 
Thermal  Analyzer  Station.  The  samples  were  run  in  stainless  steel  0-ring  scaled  pans  in  a 
nitrogen-purged  environment.  A  DuPont  DSC  Cooling  Accessory  was  used  to  achieve  the  required 
subambient  temperature  range  of  OC  (32'  F)  to  75°C  (167°F).  Continuous  scans  were  made  while  healing 
the  sample  at  a  given  rate.  The  amount  of  heat  required  to  raise  he  leiTiperature  of  the  fuel  was  then 
compared  to  the  heat  required  to  raise  the  temperature  of  the  heptane  external  standard  over  the  same 
range.  The  specific  heats  of  the  fuel  sample  were  then  calculated  from  the  known  specific  heat  of 
heptane. 

2.5  KINEMATIC  VT.SCOSITY  A.S  A  FUNCTION  OF  TEMPERATURE 

Viscosities  were  determined  using  .ASTM  L)445,  "Kinematic  Viscosity  of  Transparent  and  Opaque 
L.iquids.”  Thermometers  were  calibrated  with  an  NBS-ceriitied  platinum  rcsisumce  thermometer  and 
conlormcd  to  A.ST.M  F.-77.  Verification  and  Calibration  of  Liquid-m-Glass  Thermometers."  Viscosity 
ie>t>  performed  below  2.5  C  (77  F)  uw'd  a  NF.SLAB  rclrigcratcd  viscosity  bath  with  a  temperature 
variation  of  less  than  0.03  L  (0.05  F).  At  these  low  temperatures,  drying  tubes  were  placed  on  the  open 
ends  of  the  viscometers  which  prevented  water  conrlcnsaiion  inside  the  viscrimctcr.  At  least  three 
viscosity  points  were  determined  for  each  fuel  sample  from  -40X’  (-40  F  i  to  40  C  ( 104  F). 

2.6  DEN.SITV  A.S  A  FUNCTION  OF  TEMPERATURE 

Dcnsiiics  were  determined  using  a  Mcitler  DM.\  55  S!  densitometer  with  a  DM.A  602  HT  remote  cell. 
The  prixcdurc  followed  was  .A.STM  D4052,  Density  and  Relative  Density  of  Liquids  by  Digital  Density 
.Meter.  The  instrument  consisied  of  a  I  -lube  which  was  placed  m  a  constant  temperature  bath 
maintained  within  0.01  C  (l).02  Fi.  The  1  -tube  was  c  .impletcly  filled  with  the  sample  and  then  vibrated 
in  the  bath.  The  sample  mass  was  then  determined  on  the  basis  ol  the  tube  s  oscillation  relative  to  an 
instrument  calibration  curve  The  deiisiiv  was  then  calculated  automatically  using  the  tube  volume, 
sample  mass  and  mstrumeni  calibration  curve.  The  IF  4  samples,  because  of  their  higher  volatility  ,  were 
measured  umler  a  s  pxn;  nitrogen  head  lor  highei  temperatures  to  preclude  volatilization.  At  least  4 
measurements  were  taken  lor  eac  h  s.imple  be'tween  - '(K  '  <  .I*?  f-  and^s  ('’(164  f-q 


(  jlibration  ol  ihe  deii'iioineler  was  [s.-rlormed  using  2  staml.irds  ol  known  densities  at  the  tesi 


temperature.  The  densities  of  distilled  water  (nonane  at  the  lower  temperatures)  and  air  were  used  for 
calibration  of  the  instrument.  The  calibration  curve  was  then  calculated  as  a  straight  line  between  these 
two  points.  The  precision  of  the  densitometer  was  found  to  be  within  0.00003  g/mL.  An  NBS  traceable 
isooctane  standard  was  found  to  be  within  0.00(X)2  g/mL  of  the  published  value. 

2.7  DIELECTRIC  CONS!  ANT  AS  A  FUNCTION  OF  TEMPERATURE 

The  dielectric  constant  measurements  were  conducted  at  the  United  States  Testing  Company,  Inc.  (UST ) 
under  the  direction  of  Frank  Savino,  Supervisor  in  the  Materials  Engineering  Section.  UST  determined 
the  dielectfic  constant  by  the  method  described  in  ASTM  D924-92b,  "A-C  Loss  Characteristics  and 
Relative  Permittivity  (Dielectric  Constant)  of  Electrical  Insulating  Liquids."  The  basic  dielectric 
constant  apparatus  sjxicified  by  this  method  consisted  of  a  controller,  a  3-elecU'odc  test  cell,  and  a  glass 
test  vial. 

The  dielectric  constant  was  calculated  from  the  ratio  of  the  capacitance  of  the  test  cell  with  the  fuel 
sample  as  the  dielectric  and  the  capacitance  of  the  test  cell  with  air  as  the  dielectric.  The  accuracy  of  the 
method  is  at  least  as  ["ood  as  the  accuracy  of  the  capacitance  measurements  involved,  which  approaches 
0.1%.  Dielectric  constant  was  measured  at  temperatures  of  C'C  (32F),  30^C  (86‘'"F),  50°C  (122'-^F),  and 
75'^C  (167^F)  for  all  fuel  samples. 

2.8  TRUE  VAPOR  PRESSURE  AS  A  FUNCTION  OF  TEMPERATURE 

Phoenix  Chemical  Company  measured  the  fuel  sample  vapor  pressures  under  the  direction  of  Dr.  Arthur 
Krawetz.  The  true  vapor  pressure  was  determined  using  ASTM  D2879,  "Vapor  Pressure-Temperature 
Relationship  and  Initial  Decomposition  Temperature  of  Liquids  by  Isoteniscopc."  This  method 
determined  the  pressure  exerted  by  the  fuel  in  a  closed  vessel  at  40%  ullage.  The  sample  in  the 
isoteniscope  was  subjected  to  a  reduced  pre.ssure  environment  which  removed  the  dissolved  and  entrained 
gases.  The  i,soieniscopc  was  placed  in  a  consiani-tcmpcraturc  bath.  Dry  nitrogen  was  added  to  the  gas 
sampling  system  until  its  pressure  equaled  that  of  the  sample  at  temperature  equilibrium.  The  liquid 
levels  of  the  manometer  arms  were  balanced,  and  the  nitrogen  pressure  was  measured  by  a  McLeod 
vacuum  gauge  for  pressures  below  2  kilo-Pascals  (k^a)  and  a  mercury  manometer  for  pressures  above  2 
kPa  to  101  kPa.  The  tests  below  25^C  (77“F)  were  performed  in  a  refrigerated  bath  and  those  above 
25*C  (77'’F)  in  a  resistance-heated  dewar.  The  true  vapor  pressure  was  the  pressure  measured  after 
equilibrium  was  established.  Vapor  pressure  measurements  were  taken  at  10  to  12  equilibrated 
temperatures  over  the  pressure  range  from  0  to  101  kPa.  Measurements  were  reported  at  temperatures  of 
-3(FC  (-22"F),  OX  (32-F),  40  C  (104X),  and  75X  (167  F). 

2.9  SURFACE  TENSION  AS  A  FUNCTION  OF  TEMPERATURE 

Surface  tensions  were  determined  using  a  tensiometer  that  used  the  DuNouy  principle  lor  measuring 
inierfacial  and  surface  tension,  as  described  in  ASTM  D971,  "Interfacial  Tension  of  Oil  Against  Water  by 
the  Ring  Method.  Measurements  were  made  at  temperatures  of  -lO'X  fl4‘F),  0  C  (32'F).  40  C 
(U)4^F),and75  C(167'F). 

2.10  THERMAl.  CONDUCTIVITY  AS  A  FUNCTION  OF  TEMPERATURE 

Thermal  conductivity  measurements  were  performed  under  ihe  direction  of  Dr.  Arthur  Krawet/  of 
Phoenix  Chemical  Company.  These  measurements  were  accomplished  in  accordance  with  .ASTM 
D2717,  Test  tor  Thermal  f’onducti vity  of  Liquids.'  Thermal  conducticity  was  determined  by 
measurement  ot  the  temperat'irc  gradient  across  the  (uel  sample  generated  from  a  known  amount  of 
energy  introduced  into  the  test  eell  by  an  electricallv  heated  platinum  element.  Conductivity  of  the  glass 
cell  body  was  obLimed  trom  the  manufacturers  literature,  with  additional  calibration  accomplished  be 
using  a  standard  such  as  dimeiful  phthalate  The  temperature  resistance  rc'lalionship  ol  the  cell  filament 


is  determined  by  measurement  of  its  resistance  at  various  temperatures  with  the  cell  filled  with  freshly 
boiled  distilled  water  or  the  sample.  Measurements  were  made  at  0"C  (32*^1^,  30°C  (86°F),  50'^C 
(122‘^F),  and  75°C(167°F). 


SECTION  3.0 

RESULTS  AND  DISCUSSION 

3.1  FUEL  PROPERTIES 

A  summary  of  the  properties  discussed  herein  are  or^>anizcd  by  fuel  type  and  can  be  found  in  Tables  1 
through  10  with  the  corresponding  plots  in  Figures  I  through  7.  Tables  1 1  through  14  provide  the  best  fit 
equations  for  quick  calculations  of  the  fluid  properties  at  specified  temperatures.  The  best  fit  lines  were 
determined  by  least  squares  fit  approximations  from  the  raw  data.  The  individual  fuel  property 
tabulations  and  plots,  which  include  the  statistical  data  for  the  least  square  fit  approximations  for  each 
fuel,  arc  included  in  Reference  report  FR-19032-3. 

3.1.1  Hydrocarbon  Types  by  Mass  Spectrometry  and  FIA 

Hydrocarbon  group-type  analysis  is  a  widely  used  procedure  for  obtaining  information  needed  to  evaluate 
feedstocks  and  products  in  the  petroleum  industry.  The  performance  and  specifications  of  jet  fuels  are 
inherently  dependent  upon  the  types  of  hydrocarbons  present. 

As  can  be  seen  in  Table  1,  the  hydrocarbon  type  analyses  show  trends  dependent  upon  the  fuel  type. 
Straight  and  branched  chain  paraffins  arc  present  at  much  lower  concentrauons  in  the  JP-8X  fuels. 
Saturates  making  up  the  JP-8X  fuels  are  predominantly  in  the  cyclic  forms  (naphthenic).  Predictions 
based  upon  this  compositional  information  include  higher  densities,  lower  gravimetric  heats  of 
combustions,  lower  hydrogen  content  and  increased  smoke  point  for  the  JP-8X  fuels  as  compared  to 
conventional  fuels. 

The  three  LCGO  fuels  (2383,  2398,  and  2414)  represent  varying  levels  of  hydrotreatment  on  two  separate 
feedstocks.  These  feedstocks  were  hydroueated  separately  to  high  density  fuels  with  target  aromatic 
contents  of  20%,  30%,  and  45%.  Each  set  of  two  hydrotreated  fuels  with  similar  aromatic  content  were 
then  blended  to  produce  the  combustion  lest  fuels  used  in  these  analyses.  The  paraffins,  unaffected  by 
hydroircatmcnt,  arc  essentially  equal  for  all  three  of  these  fuels.  The  effect  of  hydrotreatment  is  evident 
in  comparisons  of  the  aromatic  and  saturate  contents  for  the  3  LCGO  fuels.  Varying  hydrotreatment 
levels  from  the  target  values  of  45%  to  20%  aromatics  show  that  the  decrease  in  concentration  of 
alkylbenzenes  corresponds  to  the  increase  in  concentration  of  monocycloparaffins.  Likewise,  the 
decreasing  levels  of  naphthalenes,  tetralins  and  indans  with  further  hydrotreatment  corresponds  to 
increasing  levels  of  dicycloparaffins.  The  LPFO  fuel  (2429)  had  considerably  less  normal  and  branched 
paraffins  and  a  significantly  higher  concentration  of  dicycloparaffins,  indans  and  tetralins  than  the  other 
JP-8X  fuels.  The  effect  of  this  compositional  difference  was  exhibited  m  most  all  fuel  properties 
measured. 

3.1.2  Simulated  Distillation 

Distillation  characteristics  are  a  measure  of  solatility  and  give  a  broad  indication  of  fuel  type.  Aircraft 
engine  fuels  must  be  easily  convertible  Irom  storage  in  the  liquid  form  to  the  vapor  phase  which  allows 
the  formation  of  the  combustible  air/fucl  vapor  mixture.  (Ref.  1)  In  gas  turbine  engines,  the  fuel 
volatility  influences  the  rale  at  which  the  fuel  spray  vaporizes,  thereby  influencing  ignition,  combustion 
efficiency  and  combustor  exhaust  temperature  profile,  (pattern  laciort.  Ignition  characteristics  are 
affected  primarily  by  lovser  boiling  fractions  (i.e.  the  lOfv  distillation  temperature)  while  combustion 


efficiency  and  patlem  factor  are  believed  to  be  controlled  by  heavier  fractions  (i.e.  the  90%  distillation 
temperature). 

Table  2  shows  the  simulated  distillation  comparisons.  As  can  be  seen  by  comparing  distillation  ranges, 
the  JP-8X  fuels  are  significantly  lower  in  volatility  than  conventional  JP-4  fuels.  This  was  reflected  in 
higher  densities  and  viscosities  and  lower  vapor  pressures  of  these  fuels.  Also,  referencing  Table  1,  these 
higher  boiling  fuels  correlate  with  lower  saturate  contents.  In  comparison,  the  higher  concentration  of 
two  ring  hydrocarbons  in  the  LPFO  fuel  result  in  comparatively  fewer  light  ends. 

3.1.3  Gross  and  Net  Heats  of  Combustion 

The  heats  of  combustion  are  the  quantities  of  heat  liberated  by  the  combustion  of  a  unit  quantity  of  fuel 
with  oxygen  and  can  affect  the  economics  of  engine  performance  along  with  the  range  of  the  aircraft. 
The  energy  demand  (Btu/sec)  is  determined  by  the  aircraft  configuration  and  the  thrust  requirements  of 
the  mission.  Fuel  flow  rates  are  set  to  meet  this  energy  demand,  and  are  therefore  dependent  on  the  heal 
of  combustion  of  the  fuel. 

The  heats  of  combustion  correlate  with  the  hydrocarbon  types  present.  As  is  shown  in  Table  3,  JP-4  fuels 
have  the  highest  heats  of  combustion  and  are  more  paraffinic  (higher  hydrogen  content),  with  low 
aromatic  and  bicyclic  components.  The  Jet  A  sample  ranked  next  in  both  heats  of  combustion  and 
saturate  percentage.  The  LCGO  fuels  showed  increasing  heats  of  combustion  and  hydrogen  percentage 
with  increased  hydroireatment.  The  LPFO  fuel,  becau.se  of  the  high  concentration  of  dicycloparaffins, 
indans,  and  teualins,  exhibited  significantly  lower  gravimetric  gross  and  net  heals  of  combustion. 

3.1.4  Specific  Heat  as  a  Function  of  Temperature 

The  specific  heat  of  a  fuel  is  an  important  parameter  in  the  heat  transfer  equations  of  jet  aircraft.  Based 
on  the  energy  demand  (Btu/sec)  for  the  specific  mission  segments,  the  specific  heat  determines  the 
temperature  ri.se  in  components  such  as  heat  exchangers,  fuel  manifolds,  and  fuel  nozzles.  Due  to  the 
increased  speeds,  reduced  cooling  air  and  increased  combustor  temperature  of  advanced  aircraft,  the 
specific  heat,  along  with  thermal  conductivity  and  heal  of  combustion,  is  becoming  very  important  in 
thermal  management  calculalion.s. 

The  specific  heal  analyses  results  are  found  in  Table  4  and  Figure  I  and  show  specific  heat  increasing 
with  temperature.  As  shown,  the  ^  8X  fuels  have  measurably  lower  specific  heats  than  the  conveniioiial 
jet  fuels,  JP-4  and  Jet  A.  Sample  85-POSF-2.367,  a  JP-4  fuel,  exhibited  a  non-reproducible  base  line 
anomaly  between  30  and  60C  during  the  DSC  programmed  temperature  runs.  This  anomaly  was  only 
observed  with  this  sample.  New  .samples  of  the  fuel  were  analyzed  with  similar  results,  thereby  making  it 
impossible  to  get  reliable  specific  heal  data.  Evaluation  of  other  physical  and  chemical  data  for  this 
sample,  relative  to  other  JP-4  fuels,  revealed  no  obvious  differences  which  would  lead  to  such  an 
anomaly. 

3.1.5  Kinematic  Vi.sco.sity  as  a  Function  of  Temperature 

Aviation  fuels  must  have  acceptable  low-tempcraiurc  lluid  characteristics  to  insure  adequate  fuel  (low  to 
the  engine  during  long  missions  at  high  altitudes.  The  fuel’s  viscosity  is  used  in  the  fuel  fluidity 
calculations  and  affects  spray  atomization  within  the  combustor,  engine  starting  characteristics,  low 
power  combustion  efficiency,  and  palicm  factor.  Reduced  ignition  capability  can  cxcur  with  the  more 
VISCOUS  fuels  along  with  reduced  flow  during  low  temperature  start  transients  and  reduced  augmentor 
functional  suitability. 

Kinematic  viscosity  results  arc  shown  in  lable  5  and  Figure  2  As  illustrated,  kinematic  viscosity 
decreases  logarithmically  with  increasing  temperature.  Ihe  lower  volatility  luels  (JP  4  s)  have  the  lower 


viscosities  corresponding  to  their  lower  aromatic  contents.  The  Jei  A  fuel  .sample  ranks  next  in  both 
viscosity  and  aromatic  content.  The  LCGO  JP-8X  fuels  are  grouped  together  next  and  have  essentially 
the  same  viscosity-temperature  relationship.  The  LPFO  is  slightly  higher  showing  a  differentiation  in  the 
basestock  composition.  As  expected,  the  highly  aromatic  DF-2  fuel  was  the  most  viscous. 

3.1.6  Density  as  a  Function  of  Temperature 

The  fuel  load  calculations  need  accurate  density  measurements  to  predict  aircraft  or  flight  pattern 
dictated  weight  and  volume  limitations.  As  previously  mentioned,  high  density  fuels  provide  the  greater 
heating  value  per  volume  of  fuel,  thereby  increasing  the  range  of  the  aircraft.  (Ref.  1) 

The  density  as  a  function  of  temperature  results  are  .shown  in  Table  6  and  Figure  3.  As  shown,  the  JP-8X 
fuels  are  significantly  higher  in  density  than  conventional  JP-4  and  Jet  A  fuels.  Figure  3  illustrates  the 
effect  of  hydrotreatment  on  density  with  density  decreasing  for  the  3  LCGO  fuels  in  order  of  greater 
hydrotrcaiment  (i.e.  lower  aromatic  content).  The  LPFO  fuel  has  the  highest  density  which  can  be 
attributed  to  the  higher  concentration  of  dicycloparaffins. 

3.1.7  Dielectric  Constant  as  a  Function  of  Temperature 

The  dielectric  constant  measurement  is  us».d  in  the  electrostatic  calculations  of  aviation  fuel  systems 
along  with  the  electrical  conductivity.  These  calculations  help  in  predicting  the  sparking  tendencies  of  a 
fuel.  This  sparking  tendency  di.s.sipates  the  electric  charge  faster  in  the  higher  density  fuels.  (Ref.  2)  The 
dielectric  constant  measurement  is  also  used  in  the  calibration  of  the  fuel  gauges.  The  dielectric 
properties  relate  to  the  way  a  fluid  varies  the  capacitive  reactance  of  a  pair  of  parallel  electrodes,  and  is 
the  key  to  the  design  of  fuel  gauges.  (Ref.  3)  Any  variation  in  the  dielectric  constant  versus  density  from 
conventional  fuci.i  should  be  considered  to  assure  that  the  accuracy  of  the  gauging  systems  is  not 
seriously  affected.  (Ref.  4) 

The  dielectric  constant  ranking,  Table  7  and  Figure  4,  followed  the  same  pattern  as  that  of  the  density 
measurements  both  in  response  to  temperature  and  fuel  type.  I  his  could  be  predicted  by  the  fact  that  the 
higher  density  fuels  arc  known  to  dissipate  electrical  charges  faster  than  conventional  fuels. 

3.1.8  Vapor  Pressure  as  a  Function  of  Temperature 

Vapor  pres.sure  is  an  indication  of  the  extent  of  vapor  loss  likely  during  fuel  storage  in  vented  tanks  or 
during  high  speed,  high  altitude  flight  where  fuel  temperature  increases  and  ambient  pressure  decreases. 
It  also  is  an  indication  of  the  tendencies  of  possible  "vapor  lock"  in  fuel  pump  lines.  (Ref.  2) 

Results  for  vapor  pressure  determinations  are  found  in  Table  8  and  Figure  5.  As  could  be  predicted  on 
the  basis  of  distillation  data,  all  the  JP-8X  fuels  exhibited  similar  vapor  pressures,  significantly  lower 
than  conventional  JP-4  fuels. 

3.1.9  Surface  Ten.sion  as  a  Function  of  Temperature 

Surface  tension  measurements  give  an  indication  ol  the  rapid  vaporization  rate  which  is  used  in  the 
calculations  performed  on  the  combustor  section.  These  rates  affect  ihe  atomization  and  ignition  of  the 
fuel  droplets  allowing  predictions  of  fuel  consumption. 

Surface  tension  decreases  with  increasing  temperature  as  can  be  seen  in  Table  9  and  Figure  6.  The  higher 
dcnsiu  higher  aromatic  fuels  (i.e,  JP-8X's  and  Diesel  Fuel  #2)  have  higher  surface  tensions  than  the 
conventional  Jet  A  and  JP-4  s.  The  LCGO  fuels  had  surface  tensions  which  decreased  with  increasing 
level  of  hydrotreatment,  fhe  LPFO  fuel,  however,  had  a  surface  tension  higher  than  any  of  these  values, 
fhis  suggests  that  siirlace  tension  is  a  function  ol  both  hydrotrcaiment  and  basestock  comtxisition. 


3.1.10  Thermal  Conductivit)'  as  a  Function  of  Temperature 

Aircraft  fuels  have  an  important  secondary  use  as  heat  sinks,  cooling  the  aircraft  electronic  equipment, 
hydraulic  fluids  and  lubricants.  The  rate  at  which  heat  energy  is  transferred  through  the  fuel  is  called 
thermal  conductivity.  Similar  to  specific  heat,  thermal  conductivity  is  used  in  heat  transfer  and  thermal 
management  calculations. 

Thermal  conductivity,  as  shown  in  Table  10  and  Figure  7,  appears  to  only  slightly  decrease  with 
temperature.  As  shown,  the  JP-8X  fuels  have  lower  thermal  conductivities  than  the  JP-4  and  Jet  A  fuels. 
The  LPFO  fuel  had  the  lowest  thermal  conductivity  with  the  LCGO  fuels  next  in  ascending  aromatic 
content.  The  highest  aromatic  content  LCGO  fuel  appeared  to  be  less  dependent  on  temperature.  The 
slope  of  the  curve  is  similar  to  that  of  DF-2,  which  also  has  a  similar  aromatic  content. 

3.2  POTENTIAL  FUEL  EFFECTS  ON  ENGINE  PERFORMANCE  AND  LIFE 

Mission  studies  have  shown  that  the  use  of  JP-8X  type  fuels  will  produce  a  significant  increase  in  aircraft 
range,  particularly  in  typical  fighter  aircraft  applications.  This  could  prove  to  be  a  major  advantage  for 
JP-8X  if  the  minimum  density  were  held  to  a  value  well  above  conventional  fuels.  However,  some  trade 
offs  are  anticipated  through  the  use  of  these  fuels  in  conventional  engines. 

Since  the  JP-8X  fuel  is  being  seriously  considered  as  an  alternate  fuel,  a  discussion  of  some  potential 
effects  on  the  operation  and  life  of  a  typical  gas  turbine  engine  is  appropriate.  The  fuel  effects  discussed 
are  predicated  on  the  use  of  JP-8X  fuels  in  engines/aircrafl  designed  for  conventional  JP-4,  Jet  A.,  and 
JP-8  fuels. 

As  discussed  in  the  previous  section  (see  Tables  5,  6,  and  8),  the  JP-8X  fuels  have  higher  vi.scosity  and 
density,  coupled  with  lower  volatility  than  conventional  JP-4  and  Jet  A  fuels.  Reduced  engine  ignition 
characteristics  are  typical  of  the  higher  density  JP-8X  fuels.  The  lower  fluidity,  as  predicted  by  the 
higher  viscosities  and  surface  tensions,  and  the  lower  volatility  affect  the  spray  atomization  and 
vaporization  rates  which  in  turn  affect  the  engine  starting  capabilities.  As  a  result,  altitude  relight  limiLs 
are  reduced  and  minimum  ground-start  fuel  flow  and  temperature  limits  arc  affected.  Fuels  with  lower 
vapor  pressures  may  have  difficulty  vaporizing  and,  therefore,  hinder  engine  ignition. 

Fuel  volatility,  viscosity,  and  surface  tension  all  are  physical  properties  which  influence  combustion 
efriC'‘*n''y  through  fuel  atomization  and  vaporization.  The  JP-8X  fuels,  because  of  their  higher  viscosity 
and  surface  tension  coupled  with  lower  volatility,  are  expected  to  reduce  combustion  efficiency  at  lower 
power  .settings.  At  nower  levels  above  idle,  efficiency  losses  should  be  negligible  for  any  modem  engine 
using  JP-8X.  It  is  a.  ..cipated  that  at  idle  the  losses  would  be  measurable  and  at  sub-idle  the  losses  could 
be  significant. 

Combustor  exit  pattern  factor  is  determined  by  the  spatial  heal  release  in  the  combustor  and  is  influenced 
by  the  same  physical  properties  which  influence  combustion  efficiency.  Increases  in  pattern  factor  at 
high  power  levels  could  reduce  turbine  life. 

As  shown  in  Table  3,  the  hydrogen  contents  of  the  JP-8X  fuels  ranged  from  12.3  weight  %  to  13.3'f^ . 
Smoke  and  combustor  IJame  radiation  are  tvilh  strongly  inlJucnccd  by  the  hydrogen  content  of  the  fuel 
being  burned.  Fuel  effect  data  from  current  production  engines  indicate  that  smoke  number  could  nearly 
double  in  changing  from  a  fuel  of  14%  hydrogen  (typical  for  JP-4)  to  a  fuel  with  only  l2Vf  hydrogen.  On 
that  basis,  an  increase  of  30%  to  100%  in  smoke  number  is  anticipated  for  the  JP-XX  fuels  analyzed. 

As  smoke  m  the  combustor  primary  zone  increases,  flame  radiation  to  the  combustor  liner  also  increases. 
Analysis  of  current  production  engines  shows  a  24%  to  30%  reduction  in  liner  life  when  changing  from  a 


fuel  hydrogen  content  of  14%  to  12%.  The  increased  flame  radiation  will  also  reduce  turbine  life 
(particularly  first  vane  life),  but  probably  to  a  smaller  degree. 

Fouling  of  fuel  spray  nozzles,  flow  divider  valves,  fuel  heat  exchangers  and  fuel  manifolds  exposed  to 
heated  fuels  has  been  noted  in  several  production  engines.  Even  a  small  increase  in  fuel  temperaiure  can 
greatly  increase  this  tendency.  In  general,  heavy  fuels  such  as  JP-8X  tend  to  be  less  thermally  stable  than 
JP-4.  Preliminary  thermal  stability  and  gum  tests  conducted  at  AFWAL/POSF  indicated  potential 
problems  with  the  JP-8X  fuels  evaluated  in  this  program.  Assuming  a  constant  energy  demand  (Btu/sec) 
for  an  existing  engine,  the  lower  .specific  heat  of  JP-8X  is  expected  to  increase  the  fuel  temperature  rise 
in  the  engine  heat  exchangers  and  injection  system,  further  compounding  the  problem. 


SECTION  4.0 
CONCLUSIONS 

The  JP-4  and  Jet  A  fuels  were  composed  of  higher  saturate  contents  which  led  to  higher  gravimetric  heats 
of  combustions,  specific  heats,  vapor  pressures,  and  thermal  conductivities.  The  JP-8X  and  Diesel  fuels 
had  the  higher  aromatic  and  naphthene  contents,  volumetric  heats  of  combustion,  viscosities,  densities, 
dielectric  constants,  and  surface  tensions.  All  the  properties  appeared  to  be  dependent  upon  both  the 
feedstock  composition  and  the  effect  of  hydrotreatment.  Looking  at  the  LCGO  fuels,  which  had  the  same 
ba.sestocks  with  different  hydroprocessing,  the  heats  of  combustion,  density,  dielectric  constant,  surface 
tension,  and  thermal  conductivity  were  obviously  dependent  on  the  extent  of  hydroprocessing  (hydrogen 
content). 

The  use  of  JP-8X  has  significant  payoffs  in  expanding  the  availability  of  feedstocks  for  Air  Force  fuels 
and  extending  the  range  of  volume  limited  aircraft.  However,  significant  operational  problems  and 
reduction  in  component  life  could  be  encountered  from  the  arbitrary  use  of  P-8X.  If  JP-8X  is  to  be  used 
as  an  alternative  fuel,  the  experimental  evaluation  should  be  continued  followed  by  component 
development  in  critical  areas.  If  JP-8X  will  provide  significant  improvements  in  future  fuel  availability 
or  improved  range,  such  a  development  program  may  well  be  desirable.  Based  on  preliminary  data 
generated  in  this  program,  it  appears  that  the  most  desirable  fuel,  with  the  last  impact  on  performance  and 
life  of  current  engines,  is  the  20%  aromatic  LCGO  JP-8X  fuel. 
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TABLE  1 


HYDROCARBON  TYPES  OF  JET  FUEL  SAMPLES 
BY  ASTM  D2789  AMO  ASTH  D1319 

,JP-8X  Fuels 

Diesel  Target-  Aromatic  Contenc 


Jet  A 
Fue  1 

2  Ihb 

JP-4 

Fue  1  s 

2367  2415 

Fuel 

n?. 

2368 

LCGO 

20\ 

2  38  .3 

LCGO 

30% 

2398 

LPFO 

30% 

2429 

LCGO 

45% 

24  1  4 

NIPKR  Results  in  Volume  Percent 
Using  ASTM  D2/89  (Mass  Spec) 

Paraffins 

4  h  .  b 

69  .  a 

64 . 0 

48 . 8 

14.5 

14  2 

1  .  3 

14.2 

Monocycloparatf ins^ 

12.4 

17.8 

2  3.6 

29.3 

35 . 9 

30 . 6 

20  .  H 

26.3 

I)  1C  yc  lop  a  raff  ins 

S  S 

2  .  H 

2 . 7 

3  8 

35 . 6 

34  3 

56  0 

26.6 

Al kylbenzencs 

8 . 4 

7 . 8 

7 . 3 

7 . 1 

8 . 2 

10.8 

7 . 2 

1 5  3 

Indans  and  tetralins 

4  .  S 

t  .  3 

1  .  0 

5 . 5 

4 . 7 

8 . 4 

13.1 

14.5 

Naphtha lenes 

2  .  1 

0  .  1 

0 . 8 

5  .  2 

0 . 6 

0 . 9 

0 . 9 

2  .  3 

Olefins^ 

t)  .  4 

0  .  S 

0  7 

0 . 4 

0 . 4 

0 . 8 

0 . 7 

11,7 

Pratt  (,  Whitney  Results  in  Volume  Percent 
Using  ASTM  D1319  1 KIA) 

Saturates 

79 . 1 

00 

00 

89 , 1 

65 . 8 

82 . 7 

73.0 

74  .  f 

h2  1 

Aromat i cs 

20,9 

11.3 

10.2 

32 . 8 

16.9 

26.2 

25.2 

37.0 

Olefins 

0 . 4 

0 . 5 

0 . 7 

0 . 4 

0 . 4 

0 . 8 

0 . 7 

0  / 

Average  (;art)on  Number 
Using  ASTM  D2/89  (Mass 

from  NIPtR  Results 
Spec  1 

Paraffin 

9  48 

a .  07 

8 . 20 

10.39 

9.20 

9.01 

8.91 

4.46 

Aroma  t  l  r. 

9.12 

8 . 59 

8.22 

9 . 04 

9.10 

9.14 

8.14 

4.18 

'oietin  values  taken  trom  the  ASTM  DlllS  results,  subtracted  trom  ASTM 
2789  matrix  inverse  results  tor  monocyc  I  opa r a f f i ns . 
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TABLE  2 


SIMULATED  DISTILLATION  OP  VARIOUS  COMBUSTION  TEST  FUELS 

Temperatures  in  Celsius 


236b 
let  A 

2367 

JP  4 

2416 

JP-4 

2368 

l)K-2 

2383 

LCflO 

20% 

A  rnm  . 

2  398 
LfGO 

30% 
Arom . 

24  29 

LPKO 

30% 
Arom  . 

24  1  4 

l.CGO 

46% 

A  r  nm  . 

IBP 

116.8 

26.6 

28.6 

132.6 

112.0 

118.0 

131.6 

116.0 

S% 

160.0 

62.0 

69.0 

183.6 

162.6 

168.5 

18  3.0 

16  111 

10% 

1  M  .  0 

75 . 0 

69 . 0 

204.0 

169.0 

171,5 

186.0 

17  3.6 

1  ^% 

18  3.6 

88 . 5 

87.5 

216.6 

181.0 

183.5 

18  7.5 

184.5 

?0\ 

191.0 

91.0 

9  3.0 

228.5 

186.6 

189.0 

195.0 

191.0 

19  7  0 

97.6 

97 . 6 

236.0 

194.0 

197.5 

198.0 

198  6 

30% 

202  6 

106.6 

104.0 

246.6 

199.0 

201  5 

201.5 

20  3.0 

i‘3% 

20H  .  0 

116.0 

114  6 

263.6 

20  1  .  0 

206.0 

204.0 

2  0  7  .  5 

40% 

2  1  J  .  6 

120.0 

120.6 

269 . 0 

208.6 

2  11.5 

2  0  7.6 

2  13,0 

4')% 

21  /  .  0 

1  .1  2  .  0 

124.6 

267 . 0 

213.0 

2  16.5 

211.0 

2  1  ,  6 

■30% 

2  21.6 

141.5 

136.0 

273.6 

217.0 

221.0 

216.6 

2  2  1.') 

')b% 

2  2  7.6 

161.0 

14  3.6 

281.6 

2  22.6 

226.0 

2210 

228.6 

60% 

2  12.0 

165.0 

149.5 

288  -  0 

227.5 

2  3  2.0 

226.0 

2  3  6.0 

6b% 

236.0 

174.0 

163.0 

297 . 0 

2  3  3.6 

2  38.0 

2  3  2.0 

241.0 

70% 

239.6 

18  7,0 

171.5 

304.6 

'41.0 

246.0 

2  36.6 

24  9  0 

7b% 

246,0 

197.5 

186.6 

3  13.0 

249.0 

253.5 

237.0 

266 , 6 

80% 

26  2.0 

2  11.6 

196.6 

3  2  2.0 

268.0 

263,0 

244.0 

266 . 6 

8b% 

266.6 

2  2  1.6 

2  11.0 

3  3  3.0 

269 . 0 

2  7  3.5 

249.0 

276  6 

90% 

264.0 

2  3  4.6 

227,6 

346.0 

282.0 

286  6 

268 . 6 

289  0 

9S% 

2  7  3  0 

260 . 0 

246 . 0 

364.6 

10  3.6 

3  0  8,5 

2  7  7.6 

il  2  S 

KHP 

3  0  3.  0 

2  7  9.0 

289 . 6 

4  10  6 

196.6 

3  9  6.0 

4  0  7.6 

396  0 
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TABLE  3 


HEATS  OP  COHBUSTIOM  POR  VARIOUS  COHBUSTIOH  TEST  FUELS 


IJOSF  « 

H 

Wt  4 

5 

Wl-  \ 

(iross  Hi? at 

of  Combustion 

MJ /kq  1  Btu/ 1 b 1 

(4et  Heat 

ot  Combustion 
MJ/kq  iBtu/lb) 

Vo  1 umer  r 1 r  Hea  t 

o t  Combust  1  on 

M.l  /(,  1  B  t  u/qa  1  1 

as-  23fth 
.  1  f*  r  A 

1  3  88 

0.053 

4  5  9  3  5 

(  1 9748  1 

4  3  051 

(  18508  1 

35 . 297 

1  1  266  37  ) 

8S-2367 

.)P-4 

14.54 

0  .  008 

46 . 787 

(201151 

4  1.702 

( 1 8788 ) 

32  964 

(  1 1 H  269  ! 

8f>-24ia 

,IF-4 

14.62 

0.026 

46 . 790 

(20116) 

43  688 

( 18782 ) 

32.928 

11181  IH  1 

8S-2 

l)K-2 

12.91 

0 . 289 

45  173 

(19421 ) 

42.433 

(18243) 

36.331 

(130350) 

fla-23ft3 

l.CC.t} 

20^  Arom. 

13.31 

0 . 006 

45.485 

(  19555  ) 

42  661 

(18311) 

16 .508 

(  1  30984  ) 

86-2398 

i.rr.o 

30\  Arom. 

13.01 

0 . 007 

45 . 287 

( 19470 ) 

42.526 

( 18283 1 

36.711 

(  131714  ) 

8h-2429 

l.FFO 

tn  ii  A  r  om  . 

12.47 

0.004 

44  887 

(  19298) 

42.241 

(  leibO  ) 

17  .  /5  4 

(  1  35454  1 

86-2414 

12.35 

0.022 

44.927 

(19  316) 

42 . 307 

(18188) 

16  931 

1  1  .3  2  4  9  8  1 

n;i'.o 

4')3  Arnm. 


TABLE  4 

SPECIFIC  HEAT  AS  A  F'^i<CTIOy  OF  TEMPERATURE 


or 

1  1  2  F  ) 

Spec 

15(; 

(  59F  ) 

85-POSF-2366 

Jet  A 

1  .  87 

1  .  97 

8h-P05F- 241 5 

JP-4 

1  .  85 

1  .  95 

85-POSF-23b8 

OF -2 

1.93 

1  .  95 

8h-POSF-238 1 

1 CGO  20\  Arom. 

1  .58 

1.67 

8b-PO.SF-  2  398 
LCOO  30\  Arom. 

1.53 

1  .  70 

8h-POSF-2429 
t.PFO  104  Arom. 

1  .  5b 

1  .  65 

86-P0';F  24  14 

l.CCO  4  5\  Arom. 

1  5  7 

1  .  66 

lie  Heat 

3  0C 
(  H6F  1 

( kJ/kq/K ) 
45C 
( 1 1 3F  ) 

a  t: 

6  0c: 

l  t  4 (JK  ) 

/5C 

( 167F ) 

2.04 

2.10 

2.1b 

2.19 

2.03 

2  13 

2.19 

2  25 

2 . 00 

2  05 

2  00 

2.11 

1  .  74 

181 

1  .  90 

1.92 

1  .  76 

1.84 

1  .  90 

1  .  96 

t  .  >2 

1  .70 

1  .  8  i 

1  .  89 

1  7  3 

1.81 

1  .  87 

1  9  3 
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TA3LE  S 


BS -PDSF- 

Jer  ^ 

aS-HOS K- 

lH-4 

8b -POSK 
.iP-4 

8S-POSF'  - 
DF  2 

8h  -  prjSK- 
LC:)',0  2  0\ 

- 

'  'T.O 

Hh  -PtiSF 
LPKO  'n\ 

Ht'  -POSF- 
I  '  ■f’.i';  4  \ 


MS  PO^F- 

ler  A 

as  -po^'F- 
JP  4 

as  po^K- 
.jP-4 

as  - po  .F 
l)F  -2 

Hh  P'J'iK- 

:  (-f;o  /‘i\ 

as- PORK¬ 
S'"  CO  o>\ 

‘\S-PO‘;f- 

'  »  KO  i  .)V 

-\s  PO--.  ^ 
r.o  4.,^ 


KINEHATIC 

VISCOSITY  AS 

A  EUtICTtOll 

or  TBMPERATURZ 

4o(: 

(  -4(1K  ) 

K  1  npm-4r  i r 

'  20c 

1  -  4  K  » 

V  \  Rcos 1 ty 
')<: 

J  3  2  F  1 

(  rsr  1 

2SC 

t  7  7  F  I 

4  «it: 

1  1  1)  4  F  1 

/  \hf, 

13.08 

S  .  78 

1.96 

1  S4 

2  IfW 

2  b2 

1  .  S9 

0 . 87 

U  7S 

241  S 

2  49 

1  .  64 

0 . 86 

0.73 

2 

"J 

CD 

0 

1  .  78 

2  .  7  j 

2  ja  i 

A  r  om  . 

1  7  .  SO 

/  .  29 

2.2/ 

1  .  76 

2  3'*h 

A  r  ofT 

19  18 

1.^.1 

2.33 

1  .  n 

2  4  29 

A  r  n~t 

4  1  SI 

H  8S 

2  6  3 

;  0  1 

?4  M 

A  r  •  'rr 

19  S4 

7.60 

/  28 

1  vs 

TABLE  6 

oeiisity  as 

A  rUNCTIOM  or  TEMPERATURE 

-  toe 

(  “  2  2  K  J  1 

<  1  r  V 

-20t'  9t: 

1  4  F  1  (  t  2  F  1 

1 n  'mL 1  a  r 

1  5  sr 

:  60F  1 

4  0  6 

1  1  '  1 4  K  t 

76r 

i  1  6  7  F  1 

2  J  6  h 

8S  149 

8  29  70 

8  1989 

,  HO : 6 1 

/  /6.r2 

2367 

.  /9n  /4 

.76479 

. 7S4  30 

7  3400 

/:iS  18 

24  1  S 

781  SR 

7S371 

,  7  J  3  S  8 

/04  1b 

2  368 

R6  S74 

8S6  1  9 

8  IHSS 

8  140? 

2  3H  t 

A  r  om  . 

.  8M^^f)4 

H  S  S  7  b 

.83812 

81  2S2 

2  398 

A  om  , 

.  89690 

,  tib  3  2S 

8  4  S  7  9 

8  2  01  6 

?  4  2  9 

A  -  orn 

.  9  2  0  1  2 

89  178 

,  8  7  S  8  9 

.■C:  0  1  1 

2  4  14 

A  »■  -  ■)  m  . 

.90668 

87  29  1 

.  8  s  s  2  9 
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TABLE  7 


DIELECTRIC  COMSTANT  AS  A  PuyCTION  OP  TEHPERATURE 


i)(' 

1  1  2  K  » 

j)  1  p  1  PC f  r  1 1' 

JOC 

(  H  h  1  1 

•  'o  os  rant  ar 

soi: 

l  1  2  2  F  ) 
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1  1  b  /  F  » 
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2.10 
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2  01 

1  .  18 

Bh-POSF- 24 1 S 
)P-4 
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2 . 01 

1  .  09 

1  .  97 
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2  .  24 
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2.19 

Hh-POSF-23fl3 

LCGO  2U\  Arom. 
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2  .  IS 

7.  1  4 

2.11 

86- POSF- 2 188 

L(  GO  U)\  Afom. 

2-23 

2.18 

2  1  6 

2.14 
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l.PFO  u)%  Arom. 

2  -  27 
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2.18 

8fa  -POSK-  24  4 
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2  .  27 
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TRUE  VAPOR  PRESSURE  AS  A  FUNCTION  OP  TEMPERATURE 


Tr  .IP 
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4  t 
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OC 
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TABLE  9 


SURFACE  TENSION  AS  A  FUNCTION  OF  TEMPERATURE 

■^iirtace  rensior.  [  by ‘'f' s  ^ )  ar 
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I  1  4K  I  (  IZF  I  (  1  ij4  F  I  M  b  /  K  I 

8b-POSK-i3bb  ^S.9  7 ‘>.4  2^  /  19  3 

■  ipr  A 

Ab  POSK-2ih2  22  7  22.4  l«.b  t b . H 

.1  P-4 

9b-P()SF  24  1S  22.7  22.0  \A.3  lb.  2 

'P-4 

Pb'POSK-2!h«  27.7  27.2  24-2  2U1 

I)F-2 

Rh-  PtJbl  -2  3H  3  28  27  .  b  24  .  0  20  b 

l.tblO  211"^  Arorr 

Bh  P(JSf-2i98  28.  h  27.  b  24  2  20.8 

I  '  .0.0  1  0\  Ar  . 

Hh-POSF  -  2  4  2  ')  29.2  27  9  2b.  1  22  4 

1  PKO  lob.  A  r  . 

rtb-P(3  ,F-  24  1  4  28  a  27  2  24  .4  2  1  / 

1.1  I .( )  4  bb  Ar  om 


TABLE  10 


THERMAL  CONDUCTIVITY  AS  A  TUNCTION  OF  TEMPFRATURE 
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TABLE  11 


BEST  FIT  LIME  BQUATIOMS  FOR  THE  MEASURED  PROPERTIES 
OF  SPECIFIC  HEAT  AMO  VISCOSITY 


Specilic  He^r.  Viscosity 

A*iO^  BA  B 


H5-POSF-2 

Jet  A 

4  .  248 

1  .  H96 

-3.983 

9  .  4  M  5 

8b-POSF- 2  367 

JP-4 
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8b-POSF-241S 

JP-4 
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TABLE  12 


BEST  FIT  LIME  EQUATIONS  FOR  THE  MEASURED  PROPERTIES 
OP  DENSITY  AMD  DIELECTRIC  CONSTANT 
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T  -  Temperature  in  C 
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TABLE  13 


BEST  EIT  LIME  EQUATIONS  EOR  THE  MEASURED  PROPERTIES 
^P  VAPC«  PRESSURE  AND  SURFACE  TENSION 


Vapor  Pressure  Surtace  Tension 

A  B  B 


flS-POSF  2  if>6  -  .  090 

Jet  A 

8S-POiiK-2  Jft?  -.470 

JP-4 

Hh-POSP-241!>  -  562 

JP-4 

BS  P<J5K  2.36B  .  Ob2 

OP -2 

8h-PObF-2  38  3  -.1  35 

I.CGO  20\  Arom. 

ti6-P05P-2  3  98  -.1  14 

LCGO  30\  Arom. 
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L  P  PO  tu\  A  r  om . 
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10*6.453  -7 . 869  25.2/ 

10*5 . 834  -8.424  22.09 
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10*6.182  8.8  76  27.  IJ 

10*6.549  -8.999  27.19 

10*6.428  -9.015  2/64 

10*6.42  7  -7.743  28.  IH 

10*6.  389  -7.981  27.62 


BFST  FIT  _EQUATL0.NS  L 

I.OG  (  Vapor  Pressure  (  kPa  I  I  •  A  /  (  T  *•  2  73.15  )  *  B 
Surface  Tension  (Dynes/cml  -  A  *  T  -  B 
A  •  Slope 

r  •  Temperature  in  C 
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table  14 


BEST  FIT  LIME  EQUATIONS  FOR  THE  MEASURED  PROPERTY 
OP  THERMAL  CONDUCTIVITY 


Thermal  Conductivity 
A»10^  B 


4S-H()SF-2^hh  -/.2H8  .1^48 

Jet  A 

8S-HOSF-J3b7  -14.41  .12&b 

JP  -  4 

Bh  PClSF-.'Al'i  -11?-S  .1237 

JP-4 

ab-FOSF-236a  -3.147  .1232 

lJF-2 

8h-P(lSF-23a3  -1^  17  .1182 

lA'GO  /0%  Arom. 

8b-POSF-2398  12. 38  .1190 

I..CGO  t0%  Arom. 

8b-POSK-2429  -8.282  .1112 

1.  P  F<J)  ^  0  %  A  r  om  . 

Bb-POSF-2414  -6.708  .1161 

l>CGO  4S\  Arom. 


B F. ST  FIT  EQI I ATION  L 

Thermal  Conductivity  iW/m/K)  =  A  *  T  +  B 
A  -  ti  1  ope 

T  =  Temperature  in  c 
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eS  POST  2366  (JCT  R) 
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FIGURE  2  KINEMRTIC  VISCOSITY  RS  R  FUNCirON  OF  TEMPERRTURE 

FOR  VRRIOUS  COMBUSTION  TEST  FUELS 
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FIGURE  3  DENSITY  RS  fl  FUNCTION  OF  TEMPERATURE 
FOR  VARIOUS  COMBUSTION  TEST  FUELS 
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FIGURE  4  DIELECTRIC  CONSTANT  AS  A  FUNCTION  OF  TEMPERATURE 

FOR  VARIOUS  COMBUSTION  TEST  FUELS 


VRPOR  PRESSURE  RS  R  FUNCTION  OF  TEMPERRTURE 
FOR  VARIOUS  COMBUSTION  TEST  FUELS 


FIGURE  G  SURFRCE  TENSION  RS  R  FUNCTION  OF  TEMPERRTURE 

FOR  VRRICUS  COMBUSTION  TEST  FUELS 


IGURE  7  THERMRL  CONDUCTIVITY  RS  R  FUNCTION  OF  TEMPERRTUR 

FOR  VRRI0U5  COMBUSTION  TEST  FUELS 
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■Abstract 


Reneveed  interest  in  domestic  supplies  of  nonpctroleum  based  liquid  fuel  leedstocks,  e.g,,  as  a  strategy 
source  of  jet  fuels  led  to  this  studv  directed  at  evaluating  the  composition  and  stability  ol  the  liquid 
streams  from  the  Great  Plains  Gasificat  on  plant.  In  addition,  suitability  lor  use  m  transportation  luels 
was  assessed.  The  study  was  performed  under  the  auspices  ol  this  program  by  the  LJnivcrsity  ol  Ltah 
Biomater.als  Profiling  Center  (UfiBPC).  The  three  mam  liquid  product  stieams  produced  b>  the  Great 
Plains  Gasifier  consist  o‘  a  light  naphtha,  a  tar  oil,  and  a  crude  phenols  fraciion.  The  high  oxygen  content 
of  the  tar  oil  stream  (approx.  .80%  of  all  inoleci  Gs  comain  oxygen)  was  seen  as  the  major  hurdle  m 
producing  transportation  fuels  in  general  and  aviation  luels  in  particular.  Only  after  removal  ol  the 
oxygen  moieties  le.g.  by  hydrodcoxygenation)  can  the  resulting  syncrude  be  compared  with  petroleum 
and  oil  shale-derived  crutles  of  similar  aromaticity.  Moreover,  unless  average  ring  si.’.e  is  reduced  (e.g.. 
by  hydrocracking)  the  tar  oil  derived  syncrude  is  likely  to  yield  primarily  diesel  grade  transportation  luels 
with  relatively  small  amounts  of  JP4  -  JP8  grade  aviation  fuels. 


SECTION  1.0 
INTRODlCnON 


1.1  HISTORICAL  BACKGROUND 

Coal  gasification  can  provide  two  different  routes  to  liquid  luels,  namely  directly  by  upgrading  ol  the  tars 
formed  during  the  initial  devolatili/ation  steps  and  indirectly  by  synthesis  Irom  the  main  gaseous 
producl^.  Producing  liquid  fuels  from  coal  gasification  processes  is  not  a  new  concept.  From  1920's  thru 
WWll,  Germany  produced  gasoline  Irom  coal  by  hydrogenation  ol  coal  tar  as  well  as  by  Fischer  Tropsch 
synthesis  [  1 1.  Coal  gasification  and  processes  to  convert  coal  lo  methanol  were  in  use  in  the  USA  in  the 
14,80  s  but  use  dwindled  due  lo  increased  availability  of  petroleum  and  natural  gas  [2|.  In  South  Alrica, 
the  oldest  SASOl.  plant  has  been  m  operation  for  more  than  20  years,  producing  gasoline  by  indirect 
liquefaction,  ar.d  sexeral  other  gasifiers  are  used  m  ptuts  of  Europe. 

Increased  ailcniion  on  n''npciroleum  energy  resources  in  ihe  last  decades  rekindled  interest  in  coal 
gasification  m  .America,  Scweral  ty  pes  ol  gasifiers  and  processes  have  been  evaluated  in  the  last  1,8  years 
as  to  economical  operation  conduions  anti  health  issues,  inclc.img  Lugri,  Koppers-1  o/ek,  Wmkler  anti 
Texaco  PI.  Texact),  British  Gas/Lurgi  and  Combustion  Engineering  |4|,  and  Wellman  Galusha  l.xl. 
There  are  two  currently  operational  coal  gasification  plants  in  the  US,  the  Great  Plains  Gasilicatum 
Proieci  using  Lurgi  gasiliers  |6|  and  the  Cool  Water  plant  17|  using  a  proprietary  Texaco  process.  The 
Great  Plains  plant,  operaletl  by  2sN(i  Coal  Gasification  Company  (ANG).  produces  synlhetic  natural  gas. 
The  objective  (4  the  Cotil  Water  pro|ect  is  lo  use  gas  lo  power  a  ctrmbusiion  turbine  generator  lor 
electricity  protluct.on. 


In  general,  the  primary  purpose  of  gasification  is  to  convert  coal  to  a  synthesis  gas  consisting  of  CO  and 
using  steam  and  oxygen.  The  gas  can  be  upgraded  to  methane,  or  used  for  syntheses  of  other  organics 
or  electricity  generation.  All  gasification  processes  generate  by-products  such  as  ash  (or  slag,  depending 
on  temperature),  sulfur,  and  ammonia.  Fixed  bed  gasifiers  such  as  the  Wellman  Galusha  and  Lurgi 
retorts  generate  significant  amounts  of  tar,  due  to  relatively  mild  operating  conditions  compared  to  other 
priKcsses  (2|.  In  a  previous  study  of  gasifier  tars  sponsored  by  EPRI  it  was  shown  that  coal  tar  yields 
from  a  pilot  plant  scale  (.^0  tpd)  Wellman  Galusha  gasilier  operated  by  Black  Sivalls  &  Bryson  lor 
MIFGA  in  Minneapolis  produced  up  to  1  barrel  of  tar  distillate  per  dry  ton  ol  feed  coal,  depending  on 
coal  rank  and  type  (S],  Preliminary  compari.son  of  a  Wellman  Galusha  tar  with  coal  tar  produced  by  the 
Great  Plains  Gasification  plant  from  the  .same  coal  (Beulah  Gap  lignite)  revealed  major  differences  in 
composition  due  to  the  more  severe  operating  conditions  of  the  latter,  resulting  in  reduced  heteroatomic 
content  and  a  higher  degree  of  condensation  (91. 

1.2.  THE  (JRF.AT  PLAINS  COAL  GASIFICATION  PLANT 

T  he  largest  Lurgi  tyjx'  coal  gasification  plant  in  the  Li.S.  is  the  Great  Plains  Gasification  plant  in  Mercer 
County,  North  Dakota  which  began  op-'ralion  in  1984.  A  simplified  flow  diagram  of  this  plant  is  shown 
in  F^igure  1.  The  following  description  of  the  process  was  taken  from  references  6,  10  and  11. 
Approximately  22,01)0  (on  per  day  (tpd)  of  lignite  is  crushed  to  -8"  in  the  primary  crushers.  It  is  further 
crushed  to  -2'  in  secondary  crushers  and  fed  to  a  storage  pile  with  a  holding  capacity  ol  .several  days. 
Coal  IS  reclaimed  from  storage  and  screened.  Approximately  14,000  tpd  of  2  to  1/4"  coal  is  fed  to  the 
gasification  plant,  w  ith  the  remaining  8000  tons  of  -1/4"  sent  to  Basin  Electric  lor  boiler  fuel. 

The  gasificadon  plant  contains  14  Lurgi  Mark  IV  counter  current  fixed  bed  gasiliers,  of  which  12  arc  in 
use  at  one  time.  Each  gasifier  is  equipped  with  an  automatic  coal  lock  chamber  which  feeds  coal  from  a 
coal  storage  bunker.  Through  a  revolving  grate  at  the  bottom  of  the  reactor,  steam  and  oxygen  arc 
injected  and  distributed  upward  through  the  coal  bed.  An  ash  lock  chamber  below  the  reactor  discharges 
the  ash  from  the  reactor.  Gasifier  operation  is  controlled  by  regulating  the  flows  of  steam  and  oxygen, 
while  the  coal  flow  is  adjusted  accordingly  to  keep  the  gasifier  full.  The  heat  necessary  for  the 
endothermic  gasification  reaction  is  supplied  by  the  rising  gas,  which  upon  leaving  the  combustion  zone 
has  a  temperature  of  approximately  2200°F.  The  main  reaction  is  that  of  steam  with  carbon  to  produce 
hydrogen  and  carbon  monoxide.  Heat  is  absorbed  in  this  reaction  and  the  hot  gas  eventually  cools  to  a 
temperature  less  than  I  .^00  F.  Much  of  the  remaining  heat  is  used  for  carbonization,  drying  and 
preheating  of  the  coal.  The  gasifier  shell  is  surrounded  by  a  cooling  water  jacket  which  generates  500 
psig  steam.  The  raw  gas  produced  is  sent  from  the  gasification  area  to  gas  cooling  units  with  about  ,^0% 
of  the  gas  going  first  to  a  shift  conversion  unit.  Liquid  is  removed  in  the  gas/liquid  separation  area  and 
tar.  tar  oil.  crude  phenols,  water  and  ammonia  arc  subsequently  removed  from  the  liquid  stream.  The  gas 
stream  itself  is  further  purified  to  remove  a  product  termed  naphtha,  containing  hydrocarbons,  COj  and  S. 
The  synthesis  gas  then  goes  to  methanation  units  which  use  a  reduced  Ni  catalyst  to  convert  the  gas  to  a 
high  BTL  (977  btu/ft')  pipeline  gas.  Thus,  there  arc  two  process  streams,  the  gas  stream  from  which 
naphtha  is  removed,  indicated  as  stream  A  m  Figure  1,  and  the  liquid  byproduct  stream  from  w'hich  tar  (-i- 
coal  dust),  Ltr  oil,  and  crude  phenols  arc  removed.  The  tar  is  recycled  into  the  reactor.  The  tar  oil  is 
stored  m  holding  tanks,  and  can  be  burned  as  fuel.  It  is  designated  stream  B  in  Figure  1.  The  crude 
phenols  are  designated  stream  C.  The  remaining  liquid  consists  of  ammonia  and  water,  both  of  which  arc 
recovered.  Relative  amounts  of  the  liquids  arc  naphtha:  I20,(XK)  to  145,000  lb  per  day,  tar  oil:  120,000  to 
14(),(KK)  gal  per  day  (approx.  1  million  lb  per  day),  and  crude  phenols:  220,0(K)  lb  per  day.  This 
translates  mio  some  650  to  700  tons  ol  tic.tillate  liquids  per  day,  representing  a  total  liquid  yield  ol 
approximately  5'f  ol  the  (wet)  feed  coal  or  8.5/)  on  a  dal  coal  basis. 
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1.3  STUDY  OBJECTIVES 


Renewed  interest  in  domestic  supplies  of  nonpetroleum  based  liquid  fuel  lecdsttKks,  c.g.,  as  a  strategic 
source  of  jet  fuels  has  led  to  the  present  study  aimed  at  evaluating  the  composition  and  stability  of  the 
liquid  streams  from  the  Great  Plains  Gasification  plant  against  the  perspective  of  potential  commercial 
use.  Specific  objectives  of  this  study  carried  out  at  the  University  of  Utah  Biomaterials  Profiling  Center 
(UUBPC)  were: 

•  obtain  representative  samples  of  selected  liquid  product  streams  from  the  Great  Plains  Coal 
Gasification  Plant  in  Beulah,  N.  Dakota; 

•  transport  and  store  these  liquid  samples  and  to  prepare  suitable  aliquots  tor  further  studies  witti 
minimal  change  m  physical  and  chemical  properties; 

•  determine  the  elemental  and  molecular  composition  of  these  coal  liquids  by  means  of  a 
comprehensive  analytical  approach  involving  elemental  (CHNOS)  analysis,  trace  clement 
analysis.  LC  fractionation,  MS  analysis,  FTIR  analysis  and  H  NMR  analysis  techniques; 

•  integrate,  reduce  and  interpret  the  analytical  data; 

•  determine  the  stability  of  the  Great  Plains  coal  liquids  (i.e.,  tar  oil),  by  exposing  representative 
aliquots  to  oxygen  containing  atmospheres  at  elevated  temperature  conditions  followed  by  careful 
analysis  of  any  changes  in  elemental  and/or  molecular  composition  using  low  voltage  MS  and 
computcri/ed  multivariate  analysis  techniques;  and 

•  provide  conventional  fuel  characterization  parameters  on  fractions  of  the  tar  oil  stream  and  crude 
phenols  stream  for  determination  by  others  of  the  suitability  of  these  streams  as  feedstock  for 
general  transportation  or  special  aviation  fuels. 

SECTION  2.0 
EXPERIMENTAL 

2.1  SAMPLE  COLLECTION 

Tar  oil  samples  were  obtained  from  the  Great  Plains  Coal  Gasification  plant  at  Beulah,  North  Dakota  by 
ANG  Coal  Gasification  Company  personnel.  Two  on-stream  tar  oil  samples  were  determined  to  be 
representative  samples  at  different  stages  of  the  prixess.  The  first  on-stream  tar  oil  sample  was  taken 
from  the  midstream  holding  tank  (between  the  reactor  and  the  final  tar  oil  holding  tank).  This  tar  oil  had 
been  stored  m  the  holding  tank  at  bO^’C  for  less  than  X  hours  and  therefore,  was  considered  the  freshest  tar 
sample.  The  second  on-stream  tar  oil  .sample  was  taken  from  the  final  holding  tank.  This  is  a  30  day 
capacity  holding  tank  which  had  been  drained  out  a  week  before  the  tar  oil  was  collected.  Therefore,  the 
second  tar  oil  sample  was  considered  a  7-day  old,  possibly  partially  oxidized,  tar  oil  sample.  Later,  a 
third  tar  oil  sample  was  obtained  from  the  laboratory  of  the  Great  Plains  plant,  where  the  tar  oil  had  been 
stored  at  nxim  lemperalure  m  a  closed  container  for  6  months.  Therefore,  this  tar  oil  sample  should  be 
considered  as  possibly  severely  oxidized.  The  first  two  samples  were  drained  from  the  holding  tanks  into 
250  ml  polyethylene  containers  (7  containers  for  each  sample)  in  a  nitrogen  environment  and 
immediately  frozen  m  dry  ice  and  shipped  to  UU3P(’  Salt  Lake  City,  Utah.  The  third  tar  oil  sample  was 
simply  filled  into  a  one  liter  glass  bottle  without  a  nitrogen  purge  or  dry  ice  environment  and  sent  to 
ITIBPC.  Besides  Uir  oil  sairqiles,  addilional  naphtha  and  crude  phenols  samples  were  also  received  in 
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one  liter  bottles  without  oxnkition  protection.  Long  term  storage  lor  the  first  two  tar  oil  s^imples  was 
carried  out  under  -9()"C  in  a  Iree/.cr,  while  the  third  oil  sample  as  well  as  the  naphtha  and  crude  phenols 
samples  were  stored  in  a  regular  freezer  at  -30“C. 

2.2  SAMPLE  CHARACTERIZATION 

The  fresh  lar  oil  sample  was  first  separated  into  two  fractions  (approximately  50:50  by  wi.)  by  a  simple 
laboratory  distillation  at  ambient  pressure  (640  torr)  with  nitrogen  flow  introduced  into  the  system  to 
prevent  oxidation.  The  cut  point  for  light  and  heavy  fractions  was  200X.  These  two  fractions  along 
with  other  samples  were  analyzed  by  various  analytical  methods. 

2.2.1  Thermogravimeti  y 

TG  analyses  were  performed  on  a  Mettler  I  thermoanalyzer  system.  Typical  ambient  pressure  (=  650  mm 
Hg)  analysis  conditions  were:  sample  weight  10  mg,  helium  flow  rate  1(X)  ml/min,  heating  rate  6'''C/min, 
maximum  temperature  2(X)  C  for  light  fraction  tar  oil  and  .^OO'C  for  heavy  fraction  tar  oil  and  crude 
phenols.  The  TG  data  were  used  to  generate  simulated  distillation  curves  for  the  samples. 

2.2.2  Liquid  Chromatography 

Open  column  LC  was  performed  on  a  19  mm  I.D.  x  4(X)  mm  length  glass  column  packed  with  activated 
silica  gel  using  a  procedure  reported  by  McClennen,  cl  a}.  112]  The  samples  were  separated  into  four 
tractions  by  gravity  elution  from  the  silica  gel  column  using  solvent  mixtures  of  increasing  polarity  and 
strength.  Between  17  and  20  g  of  120/200  mesh  (74-125  pm)  silica  gel  (Baker  Analyzed  Reagent),  which 
was  dried  at  200"'C  overnight  were  used  per  gram  of  sample.  The  sample  (1.5- 1.8  g)  was  placed  on  the 
silica  gel  column  and  successively  eluted  with  150  ml  each  of  pentane,  8:1  pcntane/bcnzcnc,  4:1 
bcnzcnc/cthylcther,  and  1:1  benzene/methanol,  all  solvents  rated  HPLC  grade.  The  solvent  mixtures 
were  adapted  from  Rubin,  ci  al-  [131  who  applied  them  to  the  neutral  fraction  (insoluble  in  aqueous  base 
and  acid  solutions)  of  coal-derived  liquids  rather  than  to  the  whole  sample. 

2.2.3  Low  Voltage  Mass  Spectrometry 


Low  voltage  MS  analyses  were  carried  on  the  Extranuclear  5000-1  system  with  Curie-point  inlet  as 
shown  in  Figure  2.  A  detailed  description  of  the  .system  can  be  found  in  reference  14.  For  liquid  samples 
of  low  volatility,  5  pg  samples  were  coated  on  ferromagnetic  wires.  The  wires  were  then  inserted  into 
borosilicatc  glass  reaction  tubes  and  inuoduccd  into  the  vacuum  system  of  the  mass  spectrometer.  The 
ferromagnetic  wires  were  inductively  heated  at  a  rate  of  approximately  l(X)°C/s  to  an  equilibrium 
temperature  of  610'C  (as  determined  by  the  Curie-point  temperature  of  the  wire).  Total  scanning  time 
was  20  seconds.  For  liquid  samples  of  moderate  and  high  volatility,  a  special  introduction  method  was 
used  115].  This  method  involves  the  use  of  a  glass  capillary  tube  (micro  caps,  Drummond  Scientific) 
sealed  on  one  end  and  capable  of  holding  up  to  .25  pi  liquid.  A  detailed  schematic  of  capillary  .sample 
introduction  system  is  shown  in  Figure  3.  After  introducing  into  the  vacuum  system  the  capillary  tube 
was  inductively  heated  by  a  tightly  wound  ferromagnetic  spring.  This  ensured  complete  evaporation  of 
most  samples  within  approximately  2  minutes.  Typical  operating  conditions  were  as  follows:  electron 
energy  12  eV,  scanning  rate  KXX)  amu/s,  mass  range  20-280  amu.  All  spectra  were  recorded  by  an  IBM 
9(XX)  computer  and  summed  into  a  single  time-integrated  s-'^'clrum. 

2.2.4  Fourier  Transform  Infrared  .Spectrometry 

FIIR  spectra  ol  the  light  ami  heavy  fraciions  of  fresh  tar  oil  and  crude  phenols  were  run  on  an  IBM 
Insirumcnts  Model  32  fllR  system  with  IBM  9()(X)  computer.  Neal  tar  oil  and  crude  phenols  samples 
were  placed  between  salt  plates  and  250  scans  ol  the  4(X)0  to  otH)  cm-1  region  were  summed  for  each 
sample. 
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2.2.5  RIementai  .4nalysi.s 


Elemental  analysis  of  the  light  and  heavy  fraction  ol  fresh  tar  oil  and  crude  phenols  were  carried  out  by 
Standard  Laboratories  at  Huntington,  Utah.  C,  H,  N  contents  were  determined  by  a  Lcco  CHN  6(X) 
analy/er.  A  specially  designed  tin  capsule  was  used  for  liquid  .samples  to  prevent  evaporation  prior  to 
analysis.  The  measurement  of  total  sulfur  contents  were  performed  on  a  Lcco  S'"  .2  sulfur  analy/cr. 
The  oxygen  contents  of  the  samples  were  obtained  by  difference. 


source 


f  'lf’urc  2.  Ia/w  voltaic  rtuiss  spectrometry  system  with  special  system  inlet  for  low  volatile  liquids 
andUir  solids  usin^  hf  inductive  heating 


fii;urc  3.  Sc  he  mat  i<  of  rapillary  sample  introduction  system 


fuel  sample 


2.2.6  Trace  Metals  .Analysis 


The  light  and  heavy  fractions  of  fresh  tar  oil  and  crude  phenols  .samples  were  sent  to  Pratt  &  Whitney, 
W.  Palm  Beach,  Florida  for  trace  metal  analysis,  performed  on  an  ICP  emission  spectrometer.  The  metal 
contents  of  Zn,  Cd,  Ba,  B,  Mg,  Si,  Fe,  Ni,  and  V  were  determined.  For  the  crude  phenol  stream,  Ni  and 
V  content  were  measured  using  atomic  absorption. 

2.2.7  Simulated  Distillation 

Simulatec  distillation  of  the  light  fraction  of  fresh  tar  oil  and  crude  phenols  were  carried  out  an  on 
HP-573()A  gas  chromatograph  at  the  U  of  U  Fuels  Engineering  Department.  A  1/4"  x  18"  stainless  steel 
U  tube,  packed  with  Dexsil  4(X)  on  90/100  mesh  Anakrom  Q  was  used  as  GC  column.  Data  were 
collected  every  12  seconds  with  an  HP-26488  computer.  The  computer  program  used  ASLC  method 
D2887  (corresponding  to  ASTM  method  D2887-73).  in  which  paraffins  were  used  for  calibration. 
Typical  operating  conditions  were  as  follows:  injection  temp.  250'’C  before  injection  and  increasing  to 
.35(TC  after  injection,  detector  temp.  499°C,  oven  temp.  -30  to  350°C,  heating  ratel  l°C/min,  final 
holding  time  4  mm.,  carrier  gas  helium. 

2.2.8  Proton  Nuclear  Magnetic  Resonance  Spectrometry 

Proton  NMR  spectra  of  the  light  and  heavy  fractions  of  fresh  tar  oil  and  crude  phenols  were  run  on  a 
Varian  SC  5(X)  superconducting  instrument  at  the  U  of  U  Chemistry  Department.  Samples  were 
dissolved  in  CDCI,  with  TMS  as  reference.  Spectra  were  taken  of  the  0  to  10  ppm  region  and  the 
integrated  peak  intensities  were  tabulated  for  those  samples. 

2.2.9  Conventional  Analyses 

Samples  of  the  light  and  heavy  fractions  of  fresh  tar  oils  and  crude  phenols  were  sent  to  the  Feels 
Characterization  Laboratory  (U  of  U,  Fuels  Engineering  Department)  to  determine  conventional  tael 
characterization  parameters,  including  pour  point,  density  and  viscosity.  Pour  points  (°C)  were  measured 
by  ASTM  method  D-97.  Densities  (g/cc)  were  measured  using  a  DMA  40  Digital  Density  Meter. 
Viscosities  (cp)  were  determined  at  two  different  temperatures:  25'^C  for  the  fresh  tar  oil  light  fraction 
and  crude  phenols  and  37'C  for  the  fresh  tar  oil  heavy  fraction,  using  a  Wells-Brookficld  Micro 
Viscometer  Model  LVT-C/P. 

2.2.10  Data  Analysis 

Low  voltage  mass  spectrometry  data  were  first  calibrated  using  the  CALEB  program,  with  subsequent 
normalization  and  multivariate  factor  and  discriminate  analysis  by  means  of  the  SIGMA  program.  Both 
programs  were  specially  developed  at  UUBPC  for  the  IBM  9000  computer  and  arc  written  in  Fortran  77. 
From  all  the  low  voltage  MS  data  obtained,  only  the  tar  stability /weathering  data  sets  were  large  enough 
to  enable  multivariate  statistical  analysis.  First  of  all,  factor  analysis  was  performed  on  a  matrix 
^.onsisting  of  all  individual  mass  spectra.  Subsequently,  discriminate  analysis  was  carried  out  on  all 
factors  with  eigenvalues  >1 .0.  Numerical  extraction  of  major  chemical  components  were  done  by  means 
of  the  Variance  Diagram  (VARDIA)  method  |16|.  Finally,  factor  and  discriminate  scores  as  well  as 
discriminaie  spectia  (standardized  co- variance  plots)  were  plotted. 
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SFX'TION  3.0 


RESULTS  AND  DISCUSSION 

Low  voltage  mass  spectra  of  whole  tar  oil,  naphtha  and  crude  phenols  stream  samples  arc  shown  in 
Figure  4.  The  naphtha  stream  was  found  to  consist  of  relatively  low  molecular  weight  compounds,  e.g., 
short  chain  alkanes,  olefins  and  alicyclics,  many  containing  hetcroatoms  such  as  sulfur,  nitrogen  and 
oxygen.  The  whole  tar  oil  sample  is  a  complex  mixture  of  (alkyl)  aromatic  compounds  including  oxygen 
containing  aromatics  such  as  phenols  and  naphthols,  and  2-  and  4-ring  fused  aromatic  systems,  as 
indicated  in  the  figure.  The  crude  phenol  stream  contained  primarily  mono-  and  dihydroxyaromatic 
compounds. 

3.1  NAPHTHA  STREAM 

A  full  spectroscopic  characterization  of  the  naphtha  stream  was  not  accomplished,  since  it  is  not,  per  sc,  a 
liquid  stream  sample  and  is  not  currently  of  interest  as  a  potential  feedstock  for  conversion  to  liquid  fuels. 
Reference  6  states  that  the  stream  typically  contained  1.5%  sulfur  and  0.2%  nitrogen. 

3.2  TAR  OIL  STREAM 

By  tar  the  largest  (approx.  75%  of  total  distillable  liquids)  .stream  is  the  tar  oil  stream,  produced  at  a  rate 
of  120,000  to  140,000  gal  per  day.  It  also  appears  to  be  the  richest  in  (alkyl)  aromatic  hydrocarbons, 
principally  as  2-  to  4-ring  compounds.  Consequently  the  tar  oil  stream  was  given  the  most  attention  in 
our  spectroscopic  evaluation.  Tar  oil  samples  were  obtained  from  two  holding  tanks  in  the  process 
stream,  one  that  was  emptied  every  shift  (designated  an  "8  hour  "  collection  point)  and  another  from  the 
large  30  day  holding  tank  after  seven  days  of  collecting  (designated  by  a  ”7  day”  collection  point). 
Another  large  holding  tank  was  not  being  used  at  the  time  of  sample  collection. 

Seven  125  ml  samples  of  tar  were  obtained  at  each  collection  point.  During  transport  to  UUBPC  under 
dry  ice,  several  paper  labels  designating  the  collection  point  came  off  the  bottles.  However,  the  inked 
numbers  on  the  bottles  themselves  had  remained  readable.  Con.sequently,  the  identities  of  the  unlabcicd 
containers  were  inferred  from  the  remaining  labels  and  subsequently  confirmed  in  a  telephone 
conversation  with  ANG  personnel. 

Furthermore,  aliquots  from  each  of  the  labelled  containers  as  well  as  two  of  the  unlabelcd  containers 
were  subjected  to  low  voltage  mass  spectrometry  with  subsequent  factor  and  discriminate  analysis,  to 
evaluate  possible  differences  among  the  collection  points.  Categories  for  discriminate  analysis  were 
defined  as  replicates  from  sample  containers,  so  as  to  treat  the  data  in  a  relatively  unsupervised  way. 
Figure  5  shows  the  D1  vs.  D2  discriminate  space  which  contained  16%  of  the  total  variance.  It  is  obvious 
that  the  differences  among  the  samples  were  not  well  explained  by  collection  point.  From  a  comparison 
of  the  variances  involved  and  the  average  relative  s.d.  between  replicate  analyses  we  concluded  that  tars 
from  the  8  hr  and  7  day  collections  were  very  similar  with  overall  differences  in  composition  amounting 
to  less  than  2%  of  the  total  sample. 

3J  TAR  OIL  FRACTIONS:  LIGHT  AND  HEAVY 

The  Air  Force  requested  conventional  characterization  of  two  distillate  fractions  of  the  whole  tar  oil  in 
addition  to  the  spectrometric  analysis  to  present  to  potential  contractors  for  a  process  development 
project.  Spectrometric  analysis  was  also  done  on  two  tar  oil  fractions  obtained  by  a  laboratory  distillation 
of  an  8  hour  collection  point  sample  into  a  sample  distilling  below  2()0°C  (designated  "light  ")  and  a 
sample  of  remaining  liquid  (designated  "heavy ").  Distillation  yields  were  47%  for  the  light  fraction  and 
54%  for  the  heavy  fraction.  Spectroscopic  analysis  of  the  light  and  heavy  fractions  included  low  voltage 
mass  spectrometry,  infrared  spectroscopy  and  proton  NMR  spectrometry. 
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Low  voltage  mass  spectra  of  the  light  and  heavy  fractions  appear  in  Figure  6.  The  light  fraction  has  ion 
scries  such  as  alkyl  substituted  phenols/quinones,  naphthalenes  and  indanes/tetralins.  The  heavy  fraction 
contains  peaks  characteristic  of  generally  higher  molecular  weight  compounds,  e.g.,  alkyl  naphthalenes, 
naphthols,  biphenyls/acenaphthcnes,  fluorenes  and  phenanihrenes/anthraccnes.  The  peak  at  m/z  178, 
thought  to  represent  primarily  unsubstituted  phcnanthrenc,  was  the  highest  peak  in  the  specU'um  of  the 
heavy  fraction. 

When  comparing  the  various  low  voltage  mass  spectra  it  should  be  kept  in  mind  that  aliphatic  compounds 
give  relatively  weak  ion  signals  under  low  voltage  electron  ionization  conditions  and  therefore  may  well 
be  underrepresented  in  the  spectra.  Moreover,  the  identification  of  most  peak  scries  is  tentative  and 
generally  these  interpretations  are  based  on  previous  studies  of  coal  pyrolysis  products  by  GC/MS  [17] 
and  MS/MS  (18|  techniques  or  using  numerical  extraction  of  direct  MS  data  [I9j  as  well  as  on 
correlations  with  IR  and  NMR  data  f9,  20|. 

Infrared  spectra  of  the  light  and  heavy  fractions  of  the  tar  oil  arc  shown  in  Figure  7.  Strong  peaks  include 
the  .T^(X1-28(X)  cm  ’  region  characteristic  of  aliphatic  CH  stretching  modes,  .^048  and  1600  cm  '  ,  from 
aromatic  CH  and  stretches  and  the  broad  absorption  at  2400  to  3300  cm  '  from  hydroxy  groups. 
The  spectra  show  that  oxygen  in  the  fractions  occurs  predominantly  in  hydroxyl  form,  e.g.,  as  alcohols  or 
hydroxyaromatic  compounds,  thus  supporting  the  assignment  of  the  mass  spectra  peaks  as  phenols  in  the 
light  fraction  and  naphthols  and  indanols  in  the  heavy  fraction. 

Attempts  to  gain  quantitative  information  the  IR  data  are  hampered  by  overlapping  peaks  of  finite  band 
width  which  ideally  should  be  deconvoluted  and  then  subjer<cd  tu  peak  area  calculations.  Unfortunately, 
these  procedures  arc  neither  trivial  nor  unambiguous.  Instead,  a  simple  approach  is  to  measure  peak 
height  in  absorbance  and  use  that  as  a  scmiquaniitative  yardstick.  Relative  differences  among  the  light 
and  heavy  fractions  can  be  seen  from  the  scaled  absorbances  in  Table  1.  The  light  fraction  has  more 
absorbance  in  the  hydroxyl  region  (3370  cm  ')  and  the  heavy  fraction  shows  higher  methylene  absorption 
(2850  cm  ').  Absorbances  from  the  aromatic  C=C  and  C-H  functional  groups  (16(X)  and  3048  cm  ’)  arc 
fairly  similar  for  the  light  and  heavy  fractions.  This  implies  that  the  light  fraction  has  more  hydroxyl 
substituents  on  aromatic  rings  than  the  heavy. 

The  significance  of  the  larger  aliphatic  methylene  signal  in  the  heavy  fraction  can  be  better  elucidated 
from  proton  NMR  data.  The  NMR  appear  in  Figure  8.  Tabulated  proton  NMR  data  for  the  light  and 
heavy  tar  oil  fractions  also  appear  in  Table  1 .  For  complex  mixtures  such  as  these  tar  fractions,  NMR  can 
give  average  structure  patameters.  We  used  a  system  for  classifying  the  regions  of  the  proton  NMR 
spectrum  taken  from  Pugmire  [21]  on  shale  oil  data. 

The  overall  disuibution  of  the  protons  in  the  light  and  heavy  fractions  shows  that  the  heavy  fraction  is 
less  abundant  in  aromatic  protons.  Clearly,  the  heavy  fraction  disuibution  of  aromatic  protons  shows 
most  of  these  to  be  in  2-  and  3-ring  aromatic  structures,  whereas  the  light  fraction  has  a  higher  proportion 
of  protons  in  1  -ring  structures.  This  is  in  agreement  with  the  mass  spectrum  in  Figure  6b  which  shows 
higher  molecular  weight  polynuclear  aromatics  dominating  the  heavy  fraction. 

Interestingly,  the  heavy  fraction  also  contains  a  relatively  higher  proportion  of  aliphatic  proton  signals.  A 
more  detailed  inspection  of  the  aliphatic  region  for  both  the  fractions  reveals  that  the  light  fraction 
contains  large  numbcri  of  protons  in  the  alpha  methyl  region  (i.e.,  methyl  groups  directly  attached  to 
aromatic  rings)  as  well  as  in  the  beta  and  gamma  CHi  regions,  with  the  majority  of  the.se  methylenes  in 
acyclic  suucturcs,  defined  by  reference  22  as  1.0-1.4  ppm.  This  implies  that  long  chain  aliphatic 
structures  arc  present  either  as  side  chains  or  as  aliphatic  hydrocarbon  compounds.  The  heavy  fraction 
also  shows  a  large  signal  for  beta  and  gamma  CHi.  principally  in  acyclic  structures. 


f  inally,  the  heavy  Iraclion  docs  not  show  a  distinct  signal  lor  alpha  methyls,  rather  there  is  a  broad  peak 
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with  some  structure  in  the  1.9  to  2.9  ppm  region  which  contains  both  alpha  methyl  and  alpha  methylene 
signals.  A  comparison  of  all  alpha  types  of  protons  shows  that  the  aromatic  rings  in  the  light  fraction  arc 
more  heavily  substituted  with  methyls  and  methylenes  than  in  the  heavy  fraction,  which  appears  to  have 
less  highly  substituted  aromatic  rings.  Hydroxyl  protons  on  phenolic  compounds  can  be  found  in  the  4.0 
to  7.5  ppm  region,  depending  on  concentration,  soHents  and  temperature  |2.^|.  The  shape  ol  the  hydroxyl 
peak  is  usually  a  sharp  singlet.  It  was  not  apparent  which  singlet  was  due  to  phenolic  hydroxyl  protons 
when  examining  the  spectra  of  the  light  and  heavy  fractions,  even  when  expanding  the  low  intensity  4.4 
to  6.4  ppm  region. 

Elemental  analysis  and  compound  type  were  also  measured  for  the  light  and  heavy  fractions.  Elemental 
analysis  data  for  the  fractions  appear  in  Table  2.  The  light  fraction  contains  about  1.5%  more  oxygen 
than  the  heavy  fraction.  The  H/C  ratio  of  the  light  fraction  is  slightly  higher  than  the  heavy  fraction. 

Liquid  chromatography  fractionation  results  and  mass  spectra  of  the  fractions  appiear  in  Table  2  and 
Figures  9  and  10,  respectively.  For  the  light  fraction  total  hydrocarbon  content  is  higher  than  for  the 
heavy  fraction.  The  heavy  fraction,  contains  a  larger  proportion  of  polycyclic  aromatic  hydro-carbons,  as 
reflected  in  LC  fraction  2.  Looking  at  total  heteroatomic  containing  compounds,  the  results  at  first 
appear  to  contradict  the  assertion  from  the  infrared  data  that  the  light  fraction  contains  more  hydroxyl 
groups  than  the  heavy.  Note  however  that  these  data  are  presented  as  weight  percent.  The  mass  spectra 
of  the  fractions  revealed  that  LC  fraction  3  of  the  light  oil  contains  principally  phenolics  (at  m/z  lOK, 
122,  etc.)  whereas  the  heavy  fraction  contains  naphlhols  (m/z  144,  158,  172).  Equimolar  amounts  of 
cresol  and  methyl  naphthol  have  a  weight  ratio  of  0.7.  A  better  comparison  of  these  LC  fractionation 
results  is  possible  by  estimating  the  percentage  of  oxygen  from  the  compounds  contained  in  the  polar 
fractions.  The  estimated  oxygen  percentages  based  on  LC  plus  MS  data  can  then  be  compared  with  the 
elemental  analysis  results  for  the  light  and  heavy  oils. 


Oxygen  Content  Estimation  for  the  Light  Tar  Oil  Fraction 

The  two  highest  peaks  in  the  mass  .spectrum  of  the  hydroxyaromatic  fraction: 

m/z  122  CjjH|QO  13.1%oxygen 

m/z  108  CyH^O  14.8%  oxygen 

13.95  average  oxygen  content 

Multiplying  the  average  oxygen  content  of  this  fraction  by  its  weight  % 

13.95x42.0  =  5.8% 

The  highest  peak  in  the  mass  spectrum  of  the  poly  functional  fraction; 
m/z  138  23.2%  oxygen 

Multiplying  by  the  weight  of  the  fraction: 

23.2  X  3.9  =  0.9% 

Total  oxygen  content: 

5.8%  +  0.9%  =  6.7%  oxygen  in  the  light  fraction 
Oxygen  Content  Estimation  for  the  Heavy  lar  Oil  Fraction 

The  tw(i  highest  peaks  in  the  mass  spectrum  of  the  hydroxyaromatic  traction: 
m/z  158  C|  I  H|(|0  10.1%  oxygcn 
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m// 172  Ci_;H|20  9.3%  oxygen 

9.7%  average  oxygen  content 

Multiplying  the  oxygen  content  by  the  weight  of  the  fraction; 

9.7  X  49.6  =  4.97% 

The  two  highest  peaks  in  the  mass  spectrum  of  the  polyfunclional  fraction: 

m//144C„)HxO  11.1% 

m/z  158C,iH,(,0  10. 1%^ 

10.6%  average  oxygen  content 

Multiplying  as  before: 

*  10.6x9.5=  1.01% 

Total:  9.7  +  1.01  =  5.98%  oxygen  in  the  heavy  fraction 

The  rough  estimate  from  compound  type  using  LC  and  MS  data  is  comparable  results  to  the  elemental 
analysis  data  m  Table  2.  The  LC  +  MS  method.howcvcr,  also  shows  compound  type  and  provides  a 
much  more  complete  picture  of  the  mixture. 

Conventional  parameters  from  both  the  light  and  heavy  oils  appear  in  Table  3.  The  simulated  distillation 
data  in  Table  3  need  some  comment.  Since  we  were  concerned  that  ASTM  simulated  distillation 
methods  (developed  for  hydrocarbon  mixtures  only)  might  give  inaccurate  boiling  point  distributions  due 
to  the  polarity  of  the  hydroxy  containing  compounds,  we  chose  to  estimate  the  distillation  curve  of  the.se 
tar  oil  fractions  by  thermogravimetry.  Thermogravimciry  gives  a  type  of  flash  distillation  curve,  due  to 
the  lack  of  theoretical  plates  in  the  device.  In  the  case  of  the  light  fraction,  simulated  distillation  data 
were  obtar.^d  by  gas  chromatogiuphy  as  well.  A  comparison  of  the  two  types  of  simulated  distillation 
for  the  light  oil  reveals  the  typical  differences  between  types  of  distillation  information,  e.g.,  the  boiling 
range  determined  by  thermogravimetry  was  25  to  2()0^C  and  by  gas  chromatography  as  -30  to  400‘^C.  To 
estimate  the  actual  range  of  boiling  temperatures  in  the  mixture,  the  boiling  points  of  compounds 
assigned  from  mass  spectral  data  were  obtained  124).  For  example,  m/z  156,  C2  naphthalenes,  have 
boiling  points  of  250^C  (ethyl  naphthalene)  and  263'^'C  (dimethylnaphthalene)  at  760  torr  (21 1  and  221®C 
at  640  torr  in  Salt  Lake  City).  It  was  obvious  that  higher  than  2(X)'^C  boiling  compounds  are  present  in 
the  light  oil.  The  gas  chromatography  was  not  done  at  UUBPC  we  could  not  phenolic  standards  to 
estimate  the  effect  of  polar  compounds  on  the  simulated  distillation  data. 

.3.4  CRUDE  PHENOLS  STREAM  SAMPLES 

Data  from  the  mass  spectrum  (Figure  4),  infrared  spectrum  and  proton  NMR  spectrum  (Figure  11)  ol  the 
crude  phenols  stream  arc  shown  in  Table  4.  In  the  mass  spectrum,  ion  .scries  are  present  that  arc 
characteristic  of  phenols,  dihydroxybenzcncs,  naphlhols  and  indanols,  all  hydroxy  substituted  aromatics. 
The  infrared  spectrum  contains  peaks  characteristic  of  hydroxyl,  aromatic  and  ether  or  alcohol  functional 
groups,  in  agreement  with  the  mass  spectrum.  Low  intensity  peaks  from  the  aliphatic  region  on  the 
spectrum  arc  also  pre.scnt.  The  proton  NMR  spectrum  shows  a  broad  un.structurcd  peak  centered  at  4.65 
ppm  which  is  probably  due  to  water  contained  in  the  sample,  since  phenolic  peaks  arc  usually  sharper 
123].  In  the  NMR  spectrum  the  largest  group  of  protons  arc  found  to  be  associated  with  the  aromatic 
region.  Protons  from  alpha  methyl  groups  arc  also  present  in  high  concentration. 

All  the  data  indicate  that  methyl  substituted  hydros yaromatics  dominate  the  crude  phenols  stream,  which 
IS  not  surprising.  Compound  type  analysis  by  IX’  fractionation  gave  91.1%  hydroxyaromatic  compounds, 
and  the  elemental  analysis  showed  almost  20%  oxygen  by  weight.  This  oxygen  value  may  be  a  little 
high,  however,  due  to  the  inferred  presence  of  some  water  m  the  sample.  Conventional  parameters  arc 
shown  in  Table  3. 
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33  WEATHERING  AND  LONG  TERM  STABILITY  STUDIES  OF  THE  TAR  OIL 


3.5.1  Laboratory  Weathering 

An  8  hr  collection  point  tar  oil  sample  was  weathered  lor  60  days  in  a  60°C  oven  with  subaliquots  taken 
at  30  days  and  60  days.  These  aliquots  were  compared  by  low  voltage  MS  to  a  fresh  sample  stored  at 
-90°C.  Figure  12  shows  the  score  plot  of  factor  1  versus  factor  2  which  contains  90%  of  the  total 
variance,  with  the  superimposed  weathering  direction  marked  with  an  arrow.  The  fresh  sample  was  well 
differentiated  from  the  30  day  and  60  day  samples  along  the  weathering  direction.  When  projected  oii 
the  proposed  weathenng  axis,  the  30  day  and  60  day  samples  appear  quite  similar.  Thus,  the  main 
oxidation  reactions  are  probably  more  or  less  complete  within  the  first  30  days. 

Figure  13  shows  the  factor  spectra  along  the  weathering  direction,  revealing  which  compounds  changed 
in  the  weathering  process.  Naphthols  and  phenanthrenes  are  the  dominant  ion  series  which  decreased  m 
the  weathered  samples.  Alkyl  fragment  ions  are  more  pronounced  in  this  direction,  indicating  that  some 
types  of  alkyl  substitution  appear  to  predispose  alkylaromalic  molecules  to  weathenng  changes. 

Only  a  few  compound  types  show  a  relative  increase  upon  weathering,  c.g.,  phcnols/quinones  ana  C,  and 
C2  substituted  naphthalenes.  These  are  perhaps  the  more  stable  components  of  the  tar,  thus  becoming 
relatively  enriched  over  time.  An  alternative  explanation  is  that  these  compounds  represent  pyrolysis 
products  of  oligomers  formed  during  weathering.  The  most  reactive  components  in  self  coupling 
reactions  during  liquefaction  are  dihydroxybenzenes  125]  which  are  much  reduced  in  this  tar  oil  due  to 
processing.  However,  both  dihydroxybenzenes  (m/z  110,  124,  152)  and  naphthols  or  naphthoquinones 
(m/z  158,  172,  186)  decreased  during  the  weathering  experiment  whereas  qumoncs  (and/or  phenols,  m/z 
108,  122...)  and  naphthalenes  (m/z  128,  142,  156)  incrca,scd. 

Conceivably,  oligomeric  or  even  polymeric  substances  might  be  formed  by  a  coupling  reaction  of 
dihydroxybenzene  +  naphthol  with  loss  of  water  to  form  an  ether  bridged  aromatic  with  further  reaction 
possible  at  the  remaining  hydroxy  group.  Pyrolytic  fragmentation  of  the  oligomer  in  the  Curie-point  inlet 
of  the  MS  is  likely  to  favor  two  stable  subunits,  e.g.,  quinonc  and  naphthalene. 

3.5.2  Long-Term  Stability 

Tar  oil  samples  from  the  8  hr  and  7  day  collection  points  were  compared  to  an  "old"  sample  stored  at 
room  temperature  for  6  months  at  the  ANG  laboratory  using  low  soltage  mass  spectrometry.  Due  caution 
needs  to  be  exercised  in  interpreting  these  results,  since  many  .sources  of  variation  including 
compositional  differences  between  feedstock  coals  (e.g.,  due  to  scam  heterogeneity  or  coal  weathering) 
as  well  differences  in  storage  conditions  (e.g.,  temperature,  container  type,  oxygen  levels)  may  be 
contributing  to  the  observed  differences  between  tar  oil  samples. 

Discriminate  analysis  results  from  the  long  term  storage  experiment  are  shown  in  Figure  14.  Three 
samples  of  8  hr  tar  oil,  two  samples  of  7  day  tar  oil  and  one  sample  of  "old"  tar  oil  were  given  separate 
category  designations.  Figure  14  shows  a  projection  of  the  .samples  into  a  (D1  -i-  D2)  versus  D3  space 
which  allowed  optimum  correlation  with  an  imaginary  storage  time  axis  as  indicated  m  the  Figure. 
Numerically  extracted  discriminate  spectra  corresponding  to  this  axis  (Figure  15)  indicate  that  the  "old" 
sample  and  the  7  day  sample  contain  more  phenols  and  what  appear  to  be  short  chain  acids  and  H2S.  The 
8  hour  sample  has  relatively  more  dihydroxybenzenes  and  indanc/tetralin  series.  These  trends  do  not 
appear  to  be  fully  explainable  by  tar  weathering  effects  alone,  as  can  be  surmised  from  a  comparison  with 
the  laboialoiy  weathering  data  in  Figures  12  and  13  as  well  as  earlier  tar  weathering  studies.  A  rough 
estimate  of  the  variance  in  the  "storage  time  axis"  direction  shows  that  storage  time  accounts  for,  at  most. 
17%  of  the  total  variance  in  the  system.  This  corresponds  to  an  estimated  maximum  variation  in  relative 
tar  composition  ol  only  a  few  percent.  Apparently,  long  term  storage  at  ambient  convliuons  is  not 
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especially  (iclclcrn)us  lo  Ihis  tar  oil. 


(b)  Tar  Oil  A  75S 


n«phthoU/in<)enes 


f  I  i:urr  4 


l,nv  vdliave  mass  spei  ira  of  the  three  mum  prndiu  i  streams  obtained  from  the 
■\  \(i  (  oa/  aasifii  ution  plant 


!•  inure  y  Score  plot  of  i he  first  two  diM  riminant  functions  obtained  on  a  set  of  24  low  voliane  nut  s 
spectra  of  ANG  tar  oil  representing  two  collection  points.  Samples  labeled  "2"  were  taken  from  the 
midstream  holding  tank  (<S  hours  storage  time)  and  .camples  taken  labeled  I"  were  taken  from  the  final 
holding  tank  1 7  days  st.crage  time).  A-E  describe  the  .camples  taken  from  different  bottles.  Note  that  each 
sample  was  analyzed  in  triplicate. 
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ii^urc  A  Low  voliai>e  tmss  spectra  of  the  li^hi  (<200  C)  and  heavy  (>200"^  fractions  of  tar  oil 
obtained  from  the  ANG  gasification  plant. 
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Aromatic  Region  Aliphatic  Region 

n,urc  S.  hiKh  resoluiion  il-NMR  spectra  of  the  It^hi  and  hea^^y  fractions  of  tar  oil  with  CDl, 
as  solvent  and  IMS  as  reference 
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TABLE  1 


INFRARED  AND 

PROTON  NMR  SPECTROSCOPIC  DATA  FROM  THE  LIGHT 
AND  HEAVY  TAR  OIL  FRACTIONS 

Summary  of  Scaled  Infrared  Absorbances 

Position  (cm'M 

Assignment 

Light 

Heavy 

3370 

hydroxy 

0.16 

0.06 

3048 

aromatic 

0.07 

0.07 

2957 

methyl 

0.19 

0.22 

2850 

methylene 

0.12 

0.20 

1685 

olefin 

0.C5 

0.05 

1600 

aromatic 

0.13 

0.10 

1456 

aliphatic 

0,15 

0.17 

1265 

C-0  or  0-H 

0.11 

0.09 

1036 

C-0 

0.03 

0.04 

1.00 

1.00 

Summary  of  Proton  NMR  Integrated  Intensities 


Position  (ppm) 

Assignment 

Light 

Heavy 

9. 0-5. 8 

aromatic  H 

0.30 

0.22 

4. 4-0. 2 

aliphatic  H 

0,70 

0.78 

4. 4-5. 8 

olefinic  H 

<0.01 

<0.01 

1.0 

1.0 

2-5/5-9 

aliphatic  H/aromatlc  H 

2.33 

3.545 

IyE«_of 


6. 0-7. 3 

l-ring 

0.64 

0.25 

7. 3-7.8 

2-ring 

0.28 

0.50 

7. 8-9.0 

3-ring 

0.08 

0.25 

1.0 

1.0 

ic 

0. 5-1.0 

Sand  YCH3 

0.13 

0.13 

1.9-2. 3 

aCH^ 

0.35 

* 

1.9-1. 9 

bdnd  YCH2 

0.36 

0.48 

(1.0-1. 4) 

(alkyl  CH?) 

(0.28) 

(0.40) 

(1. 4-1.9) 

(cyclic  CH2) 

(0.08) 

(0.08) 

2. 3-4.0 

aCH2 

0.17 

it 

1.0 

i'.6~ 

one  broad  peak  in  the  1.9  to  4.0  region  -.40  intensity 
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TABLE  2 


ELEMENTAL  ANALYSIS  AND  LC  +  MS  COMPOUND  TYPE  ANALYSIS  FOR  THE  TAR 
OIL  LIGHT  AND  HEAVY  DISTILLATE  FRACTIONS 


Element 

Elemental  Analysis 

Light 

Heavy 

C 

82.2 

84.61 

H 

8.72 

7.92 

N 

0.47 

0.62 

0  (by  difference) 

8.15 

6.56 

S 

0.46 

0.29 

100.00 

100.00 

Molar  ratios 

H/C 

1.27 

1.12 

0/C 

0.07 

0.06 

hydrocarbons 

LC  Fraction 

38.5 

13.3 

(11.9) 

PAH 

15.6 

27.6 

(25.7) 

hydroxyaromatic 

42.0 

49.6 

(52.9) 

polyfunctional 

3.9 

9.5 

(  9.5) 

100.0 

100.0 

100.0 

Total  hydrocarbons 

54.1 

40.9 

(37.6) 

Total  heteroatomics 

45.9 

59.1 

(62.4) 

(  )  duplicate  analysis  results  for  heavy  fraction 


I()6 


10.0 


a)  pentane  (38.5*) 


Figure  9.  Low  voltage  mass  spectra  of  four  ANG  light  tar  oil  fractions  obtained  by  open  column  silica 
gel  chromatography  with  increasing  polar  solvents.  Note  hydrocarbon  character  of  (a)  and  (b)  as 
opposed  to  heteroatomic  nature  of  Ic)  and  (d).  (s)  indicates  solvent  peaks.  Compare  with  heavy  tar  oil 
fractions  in  Figure  10. 


107 


S  Total  Ion  Intensity 


r i^ure  10.  Low  voltage  mass  spectra  of  four  heavy  tar  oil  fractions  obtained  by  open  column  silica  gel 
chromatography  with  increasingly  polar  solvents.  Note  hydrocarbon  character  of  (a)  and  (b)  as  opposed 
to  heteroatomic  nature  of  (c)  and  Id).  Compare  with  light  tar  oil  fractions  in  Figure  9. 
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TABLE  3 


LIQUID  PRODUCTS  EVALUATION 


Tar  Oil 


Properties 

Liaht  Fraction 

Heavy  Fraction 

Crude  Phenols 

b.p.  range  (®C) 

82-200 

200-388 

75-139'> 

Yield  (wt  Z) 

A6.8 

53.2 

- 

Density  (g/cc)  (?25®C 

0.963 

1.007 

1.059 

Viscosity  (cp)  {J2S°C 

3.75 

1300* 

14.78 

Pour  point  (®C) 

-35 

34 

-29.5 

Elemental  (Z) 

C 

82.20 

84.61 

71.83 

H 

8.72 

7.92 

7.31 

N 

0.47 

0.62 

0.55 

0  (by  difference) 

8.15 

6.56 

19.69 

S 

0.46 

0.29 

0.62 

Metals  (own) 

Zn 

0.1 

0.6 

n.d. 

Cd 

0.1 

0.3 

n.  d. 

Ba 

0.2 

1.4 

n.d. 

B 

0.2 

0.9 

n.d. 

Mg 

<0.1 

4.0 

n.d. 

Si 

<0.5 

12.5 

n.d. 

Fe 

<0.1 

11.0 

n.d. 

Ni 

<0.1 

<0.1 

35 

V 

<0.1 

<0.1 

0 

Hydrocarbon  type  by  LC 

Ill 

aliphatics  and  aromatics 

38.5 

11.9 

0.7 

polycyclic  aromatics 

15.6 

25.7 

1.4 

hydroxy  aromatics 

42.0 

52.9 

91.1 

polyfunctionals 

3.9 

9.5 

6.8 

Simulated  distillation 

bv 

GC  (%) 

gasoline  (<200°C) 

19.7 

n.a. 

28.58 

kerosene  (200*275OC) 

58.5 

59.4 

gas  oil  (275-325°C) 

17.9 

9.3 

heavy  gas  oil  (325-400°C) 

3.4 

3.5 

vacuum  gas  oil  (>A00®C) 

0.6 

“ 

Simulated  distillation 

TG  (20 

lOZ 

63 

122 

75 

20Z 

79 

172 

87 

30Z 

88 

188 

95 

AOZ 

98 

203 

100 

50Z 

103 

221 

104 

60Z 

110 

242 

111 

70% 

117 

267 

117 

80% 

125 

297 

125 

90% 

132 

352 

139 

FBP 

200 

452  = 

278 

a  -  measured  at  37°C 
b  -  from  TG  data 
c  -  ‘tJ  iX  residue  left 
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Aromatic  Region  Aliphatic  Region 

Fif’ure  1 1 .  Infrared  and  H-NMR  spectra  of  crude  phenols  (stream  c)  obtained  from  ANG 
f^asificaiion  plant 


TABLE  4. 


SPECTROSCOPIC  CHARACTERIZATION  OF  THE  CRUDE  PHENOL  STREAM 


Ion  Series 


94. 

108, 

122. 

136 

110, 

124. 

138, 

152 

134, 

148, 

162 

144, 

158, 

172 

Position 


3348.8 

1595.3 

1240.4 
2965.0 


Position 


9. 0-5. 8 
4.0-0. 2 
5. 8-4.0 


.2-4. 0/6. 0-9.0 


6. 0-7. 3 
7. 3-/. 8 
7. 8-9.0 


0. 5-1.0 
1.9-2. 3 
1.0-1. 9 
2. 3-4.0 


Mass  Spectral  Data 


Assignment 


alkyl  phenols  (and/or  quinones) 
dihydroxybenzenes  (and/or  methoxyphenols) 
indanols  (and/or  hydroxy indanas) 
naphthols  (and/or  naphthoquinones) 

Infrared  Absorbances 


As.signment 

hydroxy 
aromatic 
C-0  or  0-H 
aliphatic  CH3 

Proton  NMR 


Absorbance 

1.134 

1.115 

1.03 

0.359 


Assignment 

aromatic 
aliphatic 
olefinic  and  OH 

aliphatic  H/aromatic 

Xy£®_oi  Aromatic 

1- ring 

2 - ring 

3- ring 

Ty£e_of  Aliphatic 

B  and  YCH3 
a  CH3 

3  and  yCH2 
a  CH2 


Intensity 

2.294 

1.568 

1.00 

H  ratio  0.685 


0.97 

0.02 

0.01 


0.02 

0.59 

0.21 

0.18 
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SCORES  FI  (86«) 


Figure  12.  Score  plot  of  the  first  two  factors  obtained  on  a  set  of  10  low  voltage  mass  spectra  of  ANG  tar 
oil  representing  three  weathering  categories  (fresh.  20  days  at  60°C  and  60  days  at  60  C).  Each 
triplicate  analysis  is  connected  by  lines.  Note  the  weathering  axis. 
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Figure  13.  Factor  spectrum  rjthe  weathering  axis  (see  Figure  12)  showing  the  effect  of  oxygen 
exposure  ou  ANG  lar  oil 
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SECTION  4.0 


CONCLUSIONS 


4.1  LIQUID  YIELDS 

The  total  yield  of  distillable  liquids  produced  by  the  Great  Plains  Gasifier  is  approx.  8.5%  w/w/  (d.a.f. 
coal),  or  close  to  1/2  barrel/tone  d.a.f.  lignite.  The  three  main  liquid  product  streams  consist  of  a  light 
naphtha  (approx.  10%)  a  tar  oil  (approx.  75%)  and  a  crude  phenols  fraction  (approx.  15%).  Fresh 
samples  of  all  three  streams  are  completely  distillable.  Approximately  50%  of  the  main  tar  oil  stream 
distills  below  200'''’C. 

4.2  COMPOSITION 

Separation  of  tar  oil  samples  into  compound  classes  by  open  column  LC  gives  roughly  equal  amounts  of 
hydrocarbon  and  heteroatomic  (primarily  oxygen  containing)  compounds.  Tar  oil  hydrocarbons  were 
found  to  be  dominated  by  naphthalenes,  tctralins,  biphcnyl/accnaphthenes  and  phenanthrencs/anihracenes 
m  addition  to  significant  concentrations  of  long  chain  (>  C,())  aliphatic  hydrocarbons.  Tar  oil 
heteroatomic  compounds  consist  primarily  of  hydroxyaromatics  such  as  phenols,  indanols  and  naphthols 
in  addition  to  polyfunctionals  (e.g.,  dihydroxybcnzencs)  and  nitrogen  hcterocyclics  (e.g.,  quinolines). 
The  crude  phenols  stream  consists  primarily  of  Cq-Cj  alkylsubstituted  phenols,  dihydroxybenzenes, 
indanols  and  naphthols. 

4.3  STABILITY 

Tar  oil  oxidation  ( "weathering”)  tests  at  60''C  in  air  for  up  to  60  days  indicate  good  stability  with  overall 
sample  composition  changing  by  less  than  5%.  Especially  naphthols  (and/or  naphthoquinones)  appear  to 
be  involved  in  regressive  ( "retrograde")  reactions,  apparently  leading  to  the  formation  of  a  polyphcnolic 
gum  through  condensation  reactions.  Tar  oil  stream  samples  stored  for  up  to  8  days  in  the  main  holding 
tank  or  up  to  6  months  exposure  to  aunosphcric  conditions  in  the  ANG  laboratory  show  little  or  no 
compositional  changes  which  can  be  attributed  to  these  exposure  conditions. 

4.4  .SUITABILITY  FOR  TRANSPORTATION  FUELS 

The  high  oxygen  content  of  the  tar  oil  stream  (approx.  50%  of  all  molecules  contain  oxygen)  would  seem 
to  be  the  major  hurdle  in  producing  transportation  fuels  in  general  and  aviation  fuels  in  particular.  Only 
after  removal  of  the  oxygen  moieties  (e.g.  by  hyJrodeoxygcnation)  can  the  resulting  syncrude  be 
compared  with  petroleum  and  oil  shale-derived  crudes  of  similar  aromaticity.  Moreover,  unless  average 
ring  si/e  is  reduced  (e.g.,  by  hydrocracking)  the  tar  oil  derived  syncrude  is  likely  to  yield  primarily  diesel 
grade  transportation  fuels  with  relatively  small  amounts  of  JP4  -  JP8  grade  aviation  fuels. 

Because  of  the  highly  aromatic  nature  of  the  cyclic  compounds  in  the  tar  oil,  extensive  hydrotreatment 
would  be  necessary  to  produce  "  high  dcnsity/dccalin  type")  jet  fuels.  Approximately  20-30%  of  the  tar 
oil  could  perhaps  be  regarded  as  a  possible  precursor  for  such  fuels.  The  very  high  oxygen  content  of  the 
crude  phenols  stream  (1-2  oxygen  atoms  per  molecule)  appears  to  make  this  liquid  an  unattractive 
feedsuxk  for  transportation  fuels.  Moreover,  although  the  storage  stability  of  the  crude  phenols  samples 
was  not  specifically  investigated,  previous  experience  x  ih  similar  coal-derived  liquids  predicts  a  high 
reactivity  towards  condensation  reactions,  thereby  causing  serious  storage  stability  problems. 


REFERENCES 


1.  D.  Crabbe,  R.  McBride,  The  World  Enertzv  Book.  MIT  Press,  1979. 

2.  N.B.  Munko,  R.J.M.  Fry,  R.B.  Gammage,  W.M.  Haschck,  E.E.  Calle,  J.A.  Klein,  T.W.  Schulu, 
"Indirect  Coal  Liquefaction:  A  Review  of  Potential  Health  Effects  and  Worker  Exposure  during 
Gasification  and  Synthesis",  ORNL-5938,  contract  W7405-eng-26,  1983. 

3.  D.B.  Howard,  W.A.  Peters,  M.A.  Seno,  "Coal  Devolatilization  Information  for  Reactor  Modelling", 
EPRI  AP  1803,  Research  Project  986-5,  April  1981. 

4.  R.M.  Parsons  et  al.  "Evaluation  of  the  British  Gas  Corporation/Lurgi  Slagging  Gasifier  in  Gasification 
Combined  Cycle  Power  Generation",  EPRI  AP-3980  Research  Project  2029-5  and  2029-6,  1985. 

5.  Black,  Sivalls,  and  Bryson,  "Fixed  Bed  Gasification  Research  Using  US  Coals"  vol.  1.  Program  and 
Facility  Description.  USBOM,  contract  H0222001,  October  1984. 

6.  A.K.  Kuhn,  "The  Great  Plains  Gasification  Project"  Chem.  Eng.  Progress.  (1982)  64-68. 

7.  D.F.  Spenser,  S.B.  Alpert,  H.H.  Gilman.  Science.  232,  #4750  (1986),  609-612. 

8.  Black,  Sivalls  and  Bryson,  "Fixed  Bed  Gasification  Research  Using  US  Coals",  Vol.  17,  Gasification 
and  Liquids  Recovery  of  Four  US  Coals,  U.S.  Bureau  of  Mines,  Dec.  1985,  contract  H0222(X)1 . 

9.  G.R.  Hill,  H.L.C.  Meuzelaar,  B.L.  Hoesterey,  "Characterization  of  Coal  Pyrolysis  Liquids"  Final 
Report  to  Electric  Power  Research  Institute,  July  1986. 

10.  D.L.  Imler,  D.C.  Pollock,  A.K.  Kuhn,  "Progress  Report  from  the  Great  Plains  Gasification  Project" 
20th  lECEC,  Miami,  SAE  Technical  Paper  Series  (1985). 

11.  Report  from  ANG  Coal  Gasification  Company,  reference  not  noted,  unpublished. 

12.  W.H.  McCIennen,  H.L.C.  Meuzelaar,  G.S.  Metcalf,  G.R.  Hill,  Fuel,  62  (1983),  1422-1429. 

13.  LB.  Rubin,  M.R.  Guerin,  A. A.  Hardigree,  J.L.  Eplcr,  Environ.  Res.  12,  (1976)  358. 

14.  H.L.C.  Meuzelaar,  J.  Haverkamp,  F.D.  Hileman,  Pvroivsis  Mass  Stx:ctromctrv  of  Recent  and  Fossil 
Biomatcrials  Elsevier  Scientific  Publishing  Company,  1982. 

15.  H.L.C.  Meuzelaar,  W.H.  McCIennen,  "Tandem  Mass  Speclromctric  Analysis  (MS/MS)  of  Jet  Fuels, 
Part  II:  Quantitative  Aspects  of  Direct  MS  Analysis"  Final  Report  to  Air  Force  Wright  Aeronautical 
Laboratories,  AFWAL-TR-85-2047,  July  1985. 

16.  W.  Windig,  H.L.C.  Meuzelaar,  Anal.  Chem..  56  (1984)  2297-2303. 

17.  G.  Van  Graas,  J.W.  DeLeeuw,  P.A.  Schenck,  in  Advances  in  Organic  Geochemistry  Pergamon  Press, 
Oxford,  1979,  pp.  485-494. 

18.  G.R.  Hill,  W.H.  McCIennen,  G.S,  Metcalf,  W.  Koah-Hsing,  H.L.C.  Meuzelaar,  "The  Direct 
Determination  of  Oxygen  Components  in  Coal  Derived  Liquids",  Proc.  Int.  Conf.  on  Coal 
Science,  Dusscldorf,  1981 ,  pp.  477-481 . 


117 


Iv.  W.  Windig,  W.H.  McClennen,  H.  Stolk,  H.L.C.  Meuzclaar,  Optical  Engineering.  25  (1986)  1 17-122. 


20.  B.L.  Hoeslercy,  W.H.  McClennen,  W.  Windig,  H.L.C.  Meuzelaar,  "Computer  Enhanced  Separation 
of  Compound  Classes  in  Fuel  Mixtures  Using  a  Combined  LC/MS  Approach",  ACS  Preprint,  Fuel 
Division,  Vol.  30,  No.  4,Chicago,  1985,  85-92. 

21.  D.K.  Dalling,  B.K.  Bailey,  R.J.  Pugmire,  "Carbon-13  and  Proton  Nuclear  Magnetic  Resonance 
Analysis  of  Shale-Derived  Refinery  Products  and  Jet  Fuels  and  of  Experimental  Referee 
Broadencd-specification  Jet  Fuels",  NASA  Contractor  Report  174761  under  contract  NAG3-27,  Sept. 
1984. 

22  .  R.A.  Winschcl,  and  F.P.  Burke  "Process  and  Product  Oil  Characterization  in  Two  Stage  Coal 
Liquefaction”  Proceedings  of  the  8th  Annual  EPRI  Conu-actors  Conference  on  Coal  Liquefaction, 
Feb.  1984. 

23.  R.M.  Silverstein,  G.  Clayton  Basslcr  and  T.C.  Morrill,  SpecUometric  Identification  of  Organic 
Compounds.  4th  Ed.  1981 ,  New  York,  John  Wiley  and  Sons. 

24.  The  Aldrich  Catalog  Handbook  of  Fine  Chemicals,  1986-1987.  The  Aldrich  Chemical  Company, 
Milwaukee,  Wis. 

25.  D.F.  McMillen,  R.  Malhotra,  S.  Chang,  S.E.  Nigenda  and  G.  St.  John  "The  Nature  of  Oxygen 
Functions  in  Coals  and  their  Potential  Impact  on  Co  Processing"  Proceedings  of  the  10th  Annual 
EPRI  Contractors  Conference  on  Liquid  and  Solid  Fuels,  October  1985. 


118 


RJ-7  HIGH  DENSITY  FUEL  DEVELOPMENT 


Period  of  Performance 

31  December  1989  through  20  June  1990 

Reference 

Task  Order  No.  19,  Topical  Report  No.  15,  FR  19032-15,  Lewis  W.  Hall,  Sun  Refining  and  Marketing 
Co.,  June  1990 

Abstract 

The  use  of  RJ-5  as  a  component  for  high  density  fuel  has  become  less  desirable  due  to  high  cost  and  the 
fact  that  continued  production  of  the  raw  materia',  norbomadienc,  needed  for  production  has  become 
very  tenuous.  The  objective  of  this  work  was  the  preparation  and  characterization  of 
cyclopentadiene/methylcyclopentadiene  (CPD/MCPD)  cotrimers  and  of  the  CPD/lndene  adduct  such  that 
properties  of  blends  with  JP-10  can  be  characterized  and  evaluated. 


SECTION  1.0 
INTRODUCTION 

The  use  of  RJ-5  as  a  component  for  high  density  fuel  has  become  less  desirable  due  to  high  cost  and  the 
fact  that  continued  production  of  the  raw  material,  norbomadienc,  needed  for  production  has  become 
very  tenuous.  Previous  work^'^  carried  out  under  Contract  F33615-88-C-2835  served  to  identify  two 
potentially  attractive  high  density  fuel  components  that  can  be  blended  with  JP-10  to  produce  an 
advanced  fuel  substantially  equivalent  in  properties  to  RJ-6.  These  components  are:  (1)  a  cotrimer  of 
cyclopentadiene  (CPD)  and  meihylcyclopentadiene  (MCPD)  and  (2)  an  adduct  of  CPD  and  Indenc  both 
of  which  can  serve  as  a  substitute  for  the  RJ-5  component  of  RJ-6. 

The  objective  of  this  work  is  the  preparation  and  characterization  of  CPD/MCPD  cotrimers  and  of  the 
CPD/lndene  adduct  such  that  properties  of  blends  with  JP-10  can  be  characterized  and  evaluated.  Target 
properties  of  potential  fuel  blends  are:  a  maximum  freezing  point  of  -65°F,  a  minimum  heating  value  of 
150,000  Btu/gal  and  a  vi.scosity  in  the  region  of  400  cSt  at  -65  °  F. 


SECTION  2.0 
EXPERIMENTAL 


2.1  COTRIMER  FUEL  COMPONENT 

Previous  work^'^  had  shown  that  cotrimers  produced  by  heating  mixtures  of  cyclopentadiene  (CPD)  and 
methylcyclopcntadiene  (MCPD)  dimers  ranging  from  16  to  100  mole  percent  of  the  latter  component 
resulted  in  a  cotrimer  which  exhibited  a  freezing  point  on  the  order  of  40  degrees  lower  than  CPD  trimer. 
Further  work  was  carried  out  under  this  program  to  prepare  and  characterize  cotrimers  between  0  and  16 
mole  percent  in  an  effort  to  establish  the  optimum  cotrimer  composition  required  to  attain  maximum 
freezing  point  lowering  and  minimum  viscosity. 


Tabic  I  contains  a  compilation  of  cotnmer  properties  containing  0.06,  0.08  and  0.16  mole  fraction 
MCPD  as  well  as  data  for  cotrimers  containing  16  to  100  mole  percent  MCPD  previously^’^  determined. 


TABLE  I 

PROPERTIES  OF  COTRIMERS 
OF  CPD  AND  MCPD 


Mole 

CPD 

Fraction 

MCPD 

Density  20/4 
o/cm^ 

Heating  Value 
Btu/Gal  XIO^ 

Melting 

Point.  "C 

Glass 

Transition. *C 

1.0 

0 

1.03 

155.4 

11 

-21 

0.94 

0.06 

1.04 

155.6 

-2 

-89.5 

0.92 

0.08 

1.04 

154.8 

-12 

-88.0 

0.84 

0.16 

1.03 

155.5 

-28,  -35 

- 

0.84 

0.16 

1.04 

154.8 

-28 

-84.5 

0.74 

0.26 

1.03 

154.3 

-29 

-84 

0 

1.0 

0.994 

150.2 

-28 

-78 

It  appears  that  the  optimum  cotrimer  composition  with  respect  to  freezing  point  occurs  at  CPD/MCPD 
ralu)  of  0.84/0. 16. 

Properties  of  blends  of  the  0.84/0.16  CPD/MCPD  cotrimer  with  JP-IO  are  tabulated  in  Table  2. 
Somewhat  .,urpri.sing  is  the  fact  that  the  cotrimer  in  JP-10  exhibits  a  freezing  point  (-17.5°C)  at  40% 
cotrimer  concentration  and  at  70%  (-6.0°C)  suggesting  a  eutectic  in  the  region  of  40-70%  cotrimer. 


TABLE  2 

COTRIMER  AND  JP-10 
BLEND  DATA 


Cotrimer 

JP-10 

Density 

Heating  Value 

Freeze  Point  Viscosity 

,  cSt 

wtx 

Wt?f 

Btu/Gal  XI 0^ 

•C  -40*F 

-65*F 

40 

60 

0.9725 

146.9 

-17.5 

50 

50 

0.9820 

148.4 

168.9 

599.0 

60 

40 

0.9917 

149.6 

302.7 

1304.2 

70 

30 

1.0015 

150.9 

-6.0  636.7 

2984.0 

80 

20 

1.0115 

152.2 

-15.5,  -4.5 

- 

The  frec/mg  point  observations  were  confirmed  by  preparing  identical  cotrimer/JP-lO  blends  with  an 
alternate  batch  of  cotrimer.  Density  and  thermal  data  for  the  resulting  blends  arc  compared  in  Table  3. 
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These  data  would  further  suggest  a  eutectic  in  the  range  of  40  to  70  weight  percent  cotrimcr  in  JP-10. 
Discrepancies  in  the  observed  melting  points  are  atuibutablc  to  thermal  history  of  the  sample  since  in 
past  work,  annealing  has  been  shown  to  affect  melting  behavior. 


TABLE  3 

COTRIMER  AND  JP-10 
BLEND  DATA 


Cotr  inter 

wt* 

JP-10 

Density  20/4 

Meltina 

Point.  ®C 

WtJf 

Blend 

Blend 

_825_ 

832 

82^ 

832 

40 

60 

0.9725 

0.9731 

-17.5 

-8.5 

50 

SO 

0.9820 

0.9829 

- 

60 

40 

0.9926 

0.9917 

- 

• 

70 

30 

1.0026 

1.0015 

-6.0 

-36.0 

82 

20 

1.0115 

1.0127 

-15.5 

-38.0 

2.2  CYCLOPENTADIENE  COTRIMER/INDENE  ADDUCT 


The  Diels  Alder  reaction  of  Indene  and  CPD  dimer  produces  an  adduct  containing  of  olcfinic  bond  and 
aromatic  ring: 


In  previous  work^’^-  the  CPD/lndcne  adduct  was  hydrogenated  under  severe  conditions  (Harshaw  5132P 
Catalyst,  200-235°C,  500  psi  hydrogen)  to  produce  the  fully  saturated  molecule  I.  This  compound  when 
blended  with  CPD  trimer  and  JP-10  produced  an  attractive  fuel  blend  which  has  a  heating  value  greater 
than  can  be  achieved  by  blending  CPD  trimer  or  CPD/MCPD  colrimer  with  JP-10  within  the  confines  of 
a  -65°F  freezing  point,  but  viscosities  at  -65''"F  arc  in  excess  of  the  target  of  400  cSt  at  -65°F. 


Under  milder  hydrogenation  conditions  (5132P  catalyst,  1(X)-125'’C,  100  psi  hydrogen)  saturation  of  the 
olefinic  bond  occurs  to  produce  the  Dihydro  Adduct  II  in  which  the  aromatic  ring  remains  in  tact. 
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Propcriics  of  this  compound  are: 


Heating  Value  Net 


Density 
Sp  Gr 

Hydrogen  (cak'd) 


151,981  Btu/gal 
17,451  Btu/lb 

1.0446  g/cm.1 
1.0483 
8.6% 


Blends  of  the  Dihydro  Adduct  II  and  the  Perhydro  Adduct  I  with  CPD/MCPD  cotrimer  and  JP-10  were 
prepared  and  characterized  with  respect  to  target  properties  shown  in  Table  4. 


TABLE  4 

PROPERTIES  OF  PERHYORO  AND  DIHYORO 
CPD/INDENE  ADDUCTS  WITH  CPD/MCPD  COTRIMER  AND  JP-IO 


Composition, 

Wt  % 

Dens i ty 

Heating  Va 1 ue 

V i scos i ty , 

cSt 

JP-10 

Cotr imer 

Perhvdro 

Oi  hydro 

Btu/Gal 

-40*F 

-6?*F 

23.8 

52.4 

23.8 

- 

0.9975 

151.0 

708 

3750 

20.0 

40.0 

40.0 

0.9944 

150.5 

733 

2668 

23.8 

52.4 

- 

23.8 

1.0101 

150.5 

* 

* 

20.0 

40.0 

40.0 

1.0151 

150.5 

516 

4100 

Blend 

exh i b i ted 

a  melting 

point  at 

-18®C. 

SECTION  3.0 
DISCUSSION 


The  data  in  Table  2  suggest  that  a  binary  blend  of  cotrimer  in  JP-10  containing  60  weight  percent  of  the 
cotrimer  would  achieve  the  target  heating  value  of  approximately  150,(X)0  Btu/gallon  which  was  not 
achieved  with  a  binary  blend  of  CPD  trimer  in  JP-10.  However,  the  blend  viscosity  is  significantly 
higher  than  the  target  value  of  400  cSt  at  -65‘^F  and  generally  it  appears  that  CPD/MCPD  cotrimer 
conuibutes  to  a  greater  degree  to  blend  viscosity  than  does  CPD  trimer. 

Table  4  contains  blend  data  for  ternary  blends  of  cotrimer,  JP-10  and  both  dihydro  and  perhydro  indene 
adducts.  In  general,  the  ternary  blends  provide  greater  flexibility  in  achieving  heating  values  in  excess  of 
150,000  Btu/gallon  which  is  not  possible  with  binary  blends  of  cither  CPD  trimer  or  CPD/MCPD 
cotrimer.  Viscosity,  however,  is  still  in  excess  of  the  tiu'get  value  of  400  cSt  at  -65°  F. 

It  IS  also  apparent  Irom  the  data  in  Table  4  that  the  blend  viscosity  of  cotrimer  with  JP-10  and  perhydro 
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CPD/lndene  adduct  is  significantly  higher  than  a  comparable  blend  using  CPD  trimer^  >.  As  a  ternary 
blend  with  JP-10  and  the  CPDAndene  adduct,  there  appears  to  be  little  advantage  to  using  couimer  as  a 
blend  component  since  it  contributes  to  higher  viscosity  but  not  to  higher  energy  values.  Freezing  points 
of  such  blends  are  within  the  required  -65°F  range. 

Overall  it  appears  that  blend  viscosity  at  -65"  F  will  be  the  limiung  factor  in  maximizing  fuel  energy 
content.  With  this  m  mind,  the  following  blends  shown  in  Table  5  were  prepared  using  the  dihydro 
CPD/lndene  adduct,  CPD  trimer  and  JP-10. 


TABLE  5 

PROPERTIES  OF  TERNARY  BLENDS 
JP-10,  CPD  TRIMER  AND  DIHYDRO  CPD/INDENE 


Composition,  Wt  % 

Density 

Heating  Value 

Viscosity,  cSt 

jP=lg. 

9.1 

CPD  Trimer 

CPO/Indene 

q/cm^ 

Btu/Gal  XIO^ 

-40*F 

1  1 

|o> 

Icn 

1  ^ 

63.6 

27.3 

1.025 

152.5 

1853  * 

16.7 

58.3 

25.0 

1.017 

151.6 

680 

5150 

22.9 

53.4 

23.6 

1.011 

151.0 

385 

2861 

«  Crystallization  occurred  during  measurement. 


The  data  in  Table  5  demonsuate  a  rather  wide  range  of  flexibility  in  blending  with  respect  to  energy 
content  and  viscosity  and  also  provide  significant  increases  in  heating  value  over  the  binary  CPD/MCPD 
cotrimer  and  JP-10  blends  shown  in  Table  2. 


SFXTION  4.0 

CONCLUvSIONS  AND  RECOMMENDATIONS 


Based  on  the  data  in  Table  5,  it  is  apparent  that  significant  fiexibility  in  fuel  component  blending  is 
available  to  accommodate  some  trade-off  between  fuel  heating  value  and  viscosity.  Overall  it  appears 
that  blend  viscosity  will  be  the  limiung  factor  relative  to  maximizing  fuel  energy  content  and  to  the 
extent  that  the  fuel  viscosity  requirements  are  not  well  defined  at  this  time.  The  prototype  fuel  blends 
shown  in  Tabic  6  arc  suggested  for  further  consideration. 


Blend  #1  would  have  the  advantage  of  being  the  least  costly  fuel  to  produce,  but  would  be  limited 
(depending  upon  fuel  viscosity  at  -65")  to  a  maximum  energy  content  in  the  range  of  148,0(X)  to  149,(XX) 
Btu/gallon  or  an  increase  of  4.6  to  5.3  percent  over  JP  10. 

Blend  #2  would  be  a  more  costly  fuel  to  produce,  but  would  have  the  advantage  of  a  potential  energy 
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increase  of  6  lo  7  percent  greater  than  JP-10,  depending  upon  the  low  temperature  viscosity  requirements. 


TABLE  6 

PROTOTYPE  FUEL  BLENDS 


BLEND  #1 

CPD/MCPD  Cotrimer 
JP-10 

Heating  Value 
Density 

Viscosity  (9  -65*  F 
0  -40* F 

Freezing  Point 


60  -  65  Wt  % 

40  -  35  Wt  % 

150,000  Btu/Gallon 

0.992  -  0.996  g/cn? 

1300  -  1500  cSt 
300  -  400  cSt 

Below  -65  ®F 


BLEND  #2 

CPD  Trimer 
Dihydro  CPD/Indene 
JP-10 

Heating  Value 
Density 

Viscosity  ®  -65* F 
«  -40* F 

Freezing  Point 


53  -  55  Wt  % 

23  -  25  Wt  % 

20  -  23  Wt  % 
151,000  Btu/Gallon 
1.01  -  1.02  g/cm^ 

2500  -  2800  cSt 
350  -  400  cSt 

Below  -65*F 
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PURIFICATION  OF  RJ-5  AND  JP-10  FUELS  FOR  USE  AS  STANDARDS 


Period  Of  Performance 

01  April  1986  through  17  June  1986 
Reference 

Task  Order  No.  8,  Letter  Rep)ort  No.  1,  17  June  1986,  FR  19372-1,  Richard  Meehan,  Tedd  Biddle 
Abstract 

RJ-5  and  JP-10  were  purified  by  vacuum  distillation  for  use  as  standards  by  the  Air  Force  in  gas 
chromatography  analyses  of  jet  fuels.  Purities  obtained  for  RJ-5  and  JP-10  were  99.86  %  and  99.72  %, 
respectively. 


SFXTION  1.0 
INTRODUCTION 


A  1 -quart  sample  each  of  JP-10  and  RJ-5  fuels,  labeled  85-POSF-2361  and  83-POSF-1108,  respectively, 
was  received  on  17  April,  1986  from  AFWAL/POSF  for  purification  by  vacuum  distillation.  The 
objective  of  this  effort  was  to  provide  pure  reference  standards  for  use  by  both  users  and  suppliers  of 
JP-10  and  RJ-5  fuels.  The  standards  are  used  in  gas  chromatographic  analyses  to  verify  composition  of 
the  fuels. 


SECTION  2.0 
EXPERIMENTAL 


2.1  DISTILLATION  OF  JP-10  AND  RJ-5  FUELS 

Vacuum  distillation  the  JP-10  fuel  sample  was  performed  at  a  vapor  temperature  of  approximately  98°C 
(208°F)  at  a  pressure  of  50  millimeters  (mm)  Hg.  Succe.ssive  one  milliliter  (mL)  fractions  were  collected 
and  monitored  according  to  refractive  index.  Two  fractions  were  collected  and  retained  upon  achieving 
optimum  refractive  index  and  agreement  to  within  0.(X)01  of  at  least  three  adjacent  cuts.  Several  runs 
using  100-mL  charges  were  performed  to  ensure  optimum  conditions  for  separation  of  gross 
contaminants.  Percent  purity  of  the  retained  fraction  was  analyzed  by  gas  chromatography.  Table  1 
shows  the  distillation  parameters  and  the  refractive  indices  of  the  distillate  fractions  collected. 

Purification  of  the  as-received  RJ-5  sample  was  accomplished  by  vacuum  distillation  at  a  vapor 
temperature  of  approximately  173°C  (343°F)  at  a  pressure  of  50  mm  Hg.  Five-mL  fractions  were 
collected  and  monitored  for  optimum  refractive  index.  The  first  3  fractions  collected  were  immediately 
discarded.  The  first  2  of  these  fractions  were  cloudy  in  appearance,  the  third  was  clear.  The  retained 
fractions  of  1.5415  or  greater  refractive  index  were  blended  together  in  order  to  retain  existing  isomer 
ratios.  Determination  of  final  purity  was  accomplished  by  gas  chromatography.  Table  2  shows  the 
distillation  parameters  and  refractive  indices  of  the  distillate  fractions  collected. 
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Ll  GAS  CHROMATOGRAPHIC  ANALYSES  OF  DISTILLED  FUELS 

Gas  chromatographic  (GC)  analyses  were  performed  on  the  purified  JP-10  and  RJ-5  fuels  to  determine 
purity  by  weight  percent.  The  work  was  performed  using  a  Varian  Model  3740  chromatograph  equipped 
with  a  flame  ionization  detector  (FID)  and  a  Nelson  Analytical  Data  System. 

Instrument  parameters  for  GC  anaNsis 

Column:  Dimethyl-polysiloxane  (Hewlett  Packard  PONA) 

0.50  micrometer  film  thickness 

50  meter  X  0.025  cm  l.D.  fused  silica  capillary 


Carrier  Gas: 

Column  Temperature: 
Injector  Temperature: 
Detector  Temperature: 
Sample  Size: 


helium.  2.5  cc/minutes 

150°C  to  250°C  at  10  C/minute,  isothermal  for  20  minutes 

280°C 

280“C 

1.0  microliter,  1:10  Dilution  with  pentane 


SECTION  3.0 

RESULTS  AND  DISCUSSION 


The  calculated  percent  purity  values  for  the  distilled  fuels  are: 

JP-10  (C-10);  99.72% 

RJ-5  (C-14):  99.86% 

Assuming  a  linear  detector  response  to  mass,  these  values  are  based  on  peak  area  percents  as  computed 
by  the  Nelson  Analytical  Data  System.  The  chromatographic  conditions  used  were  dictated  by  the 
resolution  criteria  of  paragraph  50.2  and  Note  9  of  Appendix  A  of  Mil-P-87107B  for  JP-10 
and  Mil-P-Draft  for  RJ-5.  The  gas  chromatograph  for  distilled  JP-10  is  shown  in  Figure  1.  The 
chromatograph  for  RJ-5  is  shown  in  Figure  2. 

Ten  fractions  each  of  the  purified  JP-10  and  RJ-5  fuels  were  scaled  in  2-mL  septum-capped  vials.  The 
caps  were  screw  type  with  Teflon  lined  replaceable  septa.  In  addition,  two  5-mL  fractions  of  each 
purified  fuel  were  sealed  in  glass  Teflon  lined  crimp  cap  type  vials.  All  vials  were  appropriately  labeled 
and  dated.  A  remaining  25  mL  of  purified  JP-10  and  7mL  of  purified  RJ-5  fuel  was  sealed  in  Teflon 
lined  screw  cap  glass  vials,  blanketed  with  nitrogen,  and  placed  in  cold  storage  for  future  reference.  The 
ten  2-mL  and  two  5-mL  vials  of  JP-10  and  RJ-5  were  transported  to  the  Air  Force  Program  Monitor  for 
distribution. 
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TABLE  1 

JP-10  PURIFICATION  BY  VACUUM  DISTILLATION 

Fraction 

Number 

Fraction 
Size.  mL 

Liquid 

lemp.(°C) 

Vapor 

Temp.(°C} 

Refractive 

Index 

Disposition 

1 

1 

106.0 

98.4 

1.4866 

discarded 

1 

106.0 

98.4 

1.4864 

discarded 

3 

1 

106.0 

98.4 

1.4864 

discarded 

4 

1 

106.0 

98.4 

1.4870 

discarded 

5 

1 

105.9 

98.4 

1 .4870 

discarded 

1.4869 

1.4869 

1.4869 

1.4869 

1.4870 
1.4870 
1.4869 


discarded 

discarded 

discarded 

discarded 

retained 

retained 

discarded 


•  Charge;  100  mL 

•  Pressure:  50  mm  Hg 


•  As  received:  1.4865 

•  Maximum  achieved:  1.4870 
GC  Anal\:,i5  For  Purin 

•  99.72  wt% 
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TABLE  2 

RJ-5  PCRIFICATION  BY  VACKDIVl  DISTILLATION 

Fraction 

Number 

Fraction 
Size,,  mL 

Lii^uid 

Jemp.l'C) 

Vapor 

Temp.t'C) 

Refracti  ve 

Index 

Db,  jsition 

1 

2.5 

discarded 

2 

2.5 

1.5386 

discarded 

3 

2.5 

174.6 

172.2 

1.5400 

di.se  arded 

4 

5.2 

174.6 

172.2 

1.5400 

discarded 

5 

5.0 

174.8 

173.0 

1.5406 

discarded 

6 

5.0 

174.7 

173.0 

1  5410 

discarded 

7 

5.0 

174.8 

173.0 

1.5411 

discarded 

8 

5.0 

174.8 

173.0 

1.5411 

discarded 

9 

5.0 

174.0 

173.4 

1.5413 

discarded 

10 

5.0 

174.8 

173.-+ 

1.5415 

retained 

11 

5.0 

174.8 

173.4 

1.5415 

retained 

12 

5.0 

174.8 

173.4 

1.5415 

retained 

13 

5.0 

174.8 

173.7 

1.5415 

retained 

14 

5.0 

175.0 

173.7 

1.5419 

retained 

15 

5.0 

175.2 

173.8 

1.5419 

retained 

16 

5.0 

175.6 

174.4 

1.5420 

retained 

17 

5.0 

176.6 

174.4 

1.5424 

retained 

II 

3.0 

177.5 

172.4 

1.5425 

retained 

DislillaUon  Parameters 

•  Charge;  lOOmL 

•  Pressure.  50  mm  Hi- 

25 

Refractive  Index. 

•  As  received;  1.5401 

•  Maximum  achieved:  1.5425 

•  Fractions  retained  & 

mixed  forGC  analysis;  >  1.5415 

Gc  Analysis  For  Purity 

•  99.86  wi  9c 
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No. 

TIM 

Poak 

Aroa 

t 

P«aii 

Ht. 

Noraalixad  Arva/ 

X  Haight 

t 

11.32 

1849 

0.0483 

i 

133 

0.06S 

12.1 

2 

13.07 

388 

0.0134 

2 

SI 

0.021 

11. 3 

1 

13. 7^ 

943 

0-0247 

2 

63 

0.033 

14.6 

4 

i*.oe 

321287 

13. 6313 

2 

18886 

18.221 

27.6 

S 

16.42 

407194 

10.6478 

2 

18274 

14.233 

22.3 

N 

17.82 

2860881 

74.8099 

2 

67693 

100.000 

42.  3 

7 

18.83 

22664 

0.3926 

2 

1982 

0.  792 

11.4 

g 

19,  ZZ 

6696 

0.  1731 

2 

339 

0.234 

12.0 

5 

21.73 

1006 

0.0263 

1 

63 

0.033 

IS.  4 

10 

28.37 

1093 

0.0286 

1 

68 

0.03B 

16.0 

Total 

Ar  aai 

3824101 

Araa  Ai 

•  J6<: 

:ti 

0  Ona 

saapla  pa^ 

Figure  2.  Gas  Chromatogram  of  Distilled  JP-IO 


1.000  MC. 
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ALTERNATE  HIGH  FLASH  POINT  CALIBRATION  FLUID 


Period  of  Performance 

June  1987 

Reference 

Task  Order  No.  12.  Letter  Report  No.  2,  FR  19372-2,  June  1987,  Susan  Guisinger 
Abstract 

A  literature  search  was  performed  to  identify  a  high  flash  point  alternative  to  Mil-C-7024B  Type  II 
calibration  fluid.  Candidate  fluids  were  evaluated  for  flash  point,  density,  kinematic  viscosity,  freeze 
point,  and  cost. 


SECTION  1.0 
INTRODUCTION 

The  ongoing  investigation  of  candidate  high  flash  point  fuel  component  calibration  fluid  is  detailed  in 
this  report.  This  effort  is  in  response  to  the  ASD/EN  "Technical  Need"  (TN-ASD-AFW AL  / 
PO-2104-87-61)  entitled  "Nonhazardous  Methods  of  Testing  Aircraft  Fuel  System  Components." 

This  document  states  that  the  aircraft  fuel  system  components  should  be  tested  under  similar  conditions 
as  those  experienced  in  service.  The  current  test  fluid  MIL-C-7024B,  Type  II,  has  a  flash  point  of 
(KXFF)  which  .severely  restricts  testing  of  aircraft  components  that  operate  at  higher  temperatures.  In 
addition,  safety  limitations  on  the  use  of  this  fluid  are  imposed  by  NFPA  (Class  I,  Division  I,  Groups  C 
and  D).  The  equipment  and  facilities  required  include;  explosion  proofing,  air  purging  or  complete  air 
exchange  on  a  frequent  basis,  venting,  special  healers,  fire  suppression  and  sprinkler  systems,  air 
conditioning,  automation,  and  personnel  hazard  preventive  measures. 

To  reduce  these  safety  requirements,  the  flash  point  of  the  calibration  fluid  needs  to  be  at  least  80®C 
(176®F).  This  is  the  primary  target  property.  Fluid  density  and  viscosity  are  both  vital  to  calibration 
calculations  according  to  Pratt  &  Whitney  engine  conuol  groups.  Therefore,  it  is  important  to  match 
these  two  properties  with  typical  fuel  values.  The  freeze  point  is  included  to  insure  that  the  fluid  can  be 
pumped  at  lower  temperatures.  A  summary  of  these  target  properties  can  be  found  on  the  following  page 
m  Table  1.  Cost  is  also  important  as  the  estimated  amount  of  calibration  fluid  usage  by  the  government 
and  industry  appears  to  be  relatively  high.  Pratt  &  Whitney  uses  around  20,000  gallons  of  M1L-C-7024B, 
Type  11  per  year.  The  Air  Force  is  the  largest  user  at  approximately  765,000  gallons  per  year  for  Tinker 
and  Kelly  Air  Force  Bases. 


SECTION  2.0 
DlSf  USSION 

In  an  initial  literature  search  using  the  Dialog  Computer  Database,  a  patent  for  a  high  flash  point  fuel 
calibration  fluid  was  found.  This  patent  (Reference  1)  was  issued  in  April  1986  to  Roscoc  Pike  of  United 
Technologies  Research  Center  (UTRC)  which  is  a  division  of  United  Technologies  Corporation  (UTC). 
This  work  had  been  done  in  the  period  from  February  24  to  May  9,  1975  in  response  to  a  request  from 
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Hamilton  Standard,  another  UTC  division.  See  Reference  2.  This  lluid  matched  all  the  requirements  for 
flash  point,  density,  viscosity,  and  freeze  point. 

Isopar  M,  a  high  boiling  isoparaffinic  solvent,  was  suggested  as  an  alternate  calibration  fluid.  Exxon  and 
Phillips  Petroleum  were  contacted  for  information.  Exxon  produces  Isopar  M  and  Phillips  produces  an 
equivalent  fluid  called  Soltrol  170.  Dow  Coming  200  silicone  fluids  were  also  suggested.  A  2.0- 
centistoke  fluid  was  selected  for  the  best  viscosity  and  flash  point  match. 

A  summary  of  the  fluids,  pertinent  properties,  and  1986  costs  is  found  in  Table  1.  The  UTRC  fluid 
patented  by  Mr.  Pike  (90%  dodecane  /  10%  dioctyl  phthalate)  matches  all  the  required  properties.  The 
Phillips  Soltrol  170  matched  all  the  properties  except  viscosity  which  was  high.  Exxon  Isopar  M  had  a 
low  flash  point  and  high  viscosity  values.  The  Dow  2(X)  fluid  matched  all  properties  except  density 
which  had  a  value  of  0.873  g/mL  at  25°C  (,77°F).  This  is  greater  than  the  target  limits  of  0.74  to  0.78 
g/mL  at  15.5°C  (60°F). 

In  the  cost  analysis,  the  current  MIL-C-7024B  fluid  appears  the  most  desireable.  The  next  candidate  was 
Soltrol  170,  however,  viscosity  was  not  within  limits.  Similarly,  Isopar  M  is  viscosity  limited.  The 
UTRC  fluid  is  expensive  based  on  limited  quantities  but  reducing  certain  safety  applications  and  ordering 
in  bulk  might  make  this  a  viable  alternative.  In  addition,  because  of  the  simple  matrix,  it  may  be  possible 
lO  develop  simple  low  cost  reclamation  procedures  to  lower  the  cost  of  the  fluid.  The  price  of  the  Dow 
fluid  is  extreme  at  S8,100  per  55  gallons,  making  only  small  scale  testing  reasonable. 


TABLE  1 

HIGH  FLASH  POINT  REPLACEMENT  CALIBRATION  FLUID  CANDIDATES 

Fluid  Type 

Flash 

Point, "C 

Density 

hO^F 

s/ml. 

•20^0 

Kinematic  Viscosity 
25’C 

40’C 

Freeze 

Point, °r 

Cost 

S/55  nal. 

Targel  Req. 

80 

.74  -  .78 

1.5 .6.0 

0.5  -  2.0 

<-46 

JP-4,  Typical 

■23 

0.762 

1.72 

0.89 

0.755 

<-62 

55 

JP-S.  1  ypical 

53 

0.818 

4.40 

1.50 

1.18 

<■54 

34 

Mil-C-7024,  II 

38 

1.165-1.175 

91 

LTRC  Fluid 

83 

0.76 

06.09 

2.11 

1.66 

<-54 

510 

isopar  .M 

77 

0.783 

15.51 

3.39 

2.45 

<-60 

179 

Soltrol  170 

85 

0.776 

14.57 

3.22 

2.33 

146 

Dow  200 

87 

>0.873 

4.94 

2.0 

1  61 

<■100 

81(X) 

SECTION  3.0 

CONCLUSION  AND  RECOMMENDATIONS 

Further  work  should  include  a  formal  industry  search  and  consider  both  property  and  cost  restrictions. 
Considering  the  need  to  meet  safety  requirements,  cut  costs,  and  meet  all  property  requirements  the 
UTRC  fluid  appears  to  be  the  most  viable  candidate  investigated.  Component  calibration  tests  are 
recommended  to  ensure  compatibility  before  actual  implementation.  The  cost  reducing  possibility  of 
reclamation  of  the  UTRC  fluid  by  tiltralion  and  distillation  should  also  be  examined.  Table  2  shows  the 
boiling  point  ditfercnccs  between  the  two  components. 


TABLE  2 

PROPERTIES  OF  DODECANE  AND  DIOCTRYPHTALATE 


Property 

Dodecane 

Dioctyllphthalate  | 

Molecular  Weight 

170 

391 

Boiling  Point, 

216 

384 

Freezing  Point,  °C 

-10 

-50 

Flash  Point,  'C 

71 

207 

Density  at  15.5°C,  g/mL 

0.749 

0.581 

REFERENCES 

1.  Pike,  Roscoe  A.,  United  States  Patent,  Number  4,582,631  "High  Flash  Point  Fuel  Control  Calibr?''on 
Ruid"  April  15,  1986. 

2.  Pike,  Roscoe  A,,  UTRC  Report  R75-313035-1,  "High  Flash  Point  Fuel  Control  Calibration  Fluids", 
May  1975. 
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JP-10  FDFX  DISCOLORIZATION  INVESTIGATION 


Period  of  Performance 

15  November  1985  through  30  October  1986 

Reference 

Task  Order  No.  2,  Topical  Report  No.  5,  October  1986,  FR  19032-5,  H.L.C.  Mcuzelaar,  W.H. 

McClennen,  B.L.  Hoestcrey,  J.A.  Hunger 

Abstract 

In  response  to  an  Air  Force  field  report  of  fuel  discoloration  during  pumping  operations,  a  short  term 
investigation  was  conducted  at  the  University  of  Utah  Biomatenals  Profiling  Center  (UUBPC).  The 
objective  of  the  investigation  was  to  determine  the  cause  of  the  discoloration  and  evaluate  the  possible 
consequences  on  fuel  properties  and  material  compatibility.  This  effort  was  performed  under  the  direction 
of  Dr.  Henk  Meuzelaar  of  UUBPC,  Dr.  H.R.  Lander  of  AFWAL/POSF  and  monitored  by  P&W. 


SECTION  1.0 
BACKGROUND 


1.1  JP-10  PROBLEMS  EXPERIENCED  BY  THE  AIR  FORCE 

The  studies  reported  here  were  undertaken  after  a  sample  of  JP-10  fuel  was  submitted  by  the  Air  Force 
because  yellowish  discoloration  was  observed  during  aircraft  fuel  pump  tests.  The  tests  involved 
recycling  of  JP-10  which  had  been  stored  in  relatively  small  fuel  tanks  for  periods  of  up  to  several  years. 

In  addition  to  the  discoloration,  metallic  (copper?)  particulates  had  been  noticed  by  Air  Force  personnel 
at  the  bottom  of  JP-10  containers  after  recycle  pumping  tests.  Moreover,  subsequent  conventional  fuel 
characterization  methods  carried  out  by  an  outside  laboratory  showed  the  di.scolored  JP-10  samples  to  be 
"out  of  spec "  for  flash  point  (low)  specific  gravity  (low),  color  (yellow)  and  gum  content  (high). 

Since  electrical  fuel  pumps  used  in  the  recycle  tests  were  thought  to  be  possibly  responsible  for  the 
ob.served  JP-10  changes  by  Air  Force  personnel,  .several  used  as  well  as  new  pumps  were  received  for 
testing  along  with  a  number  of  JP-10  "control  ”  samples  which  had  not  undergone  recycle  tests  and  were 
known  to  represent  JP-10  batches  derived  from  different  drums  or  even  refineries.  Moreover,  Air  Force 
personnel  had  undertaken  several  fuel  stability  and  compatibility  tests  involving  exposure  of  different 
fuel  system  components  (whole  pumps,  pump  armatures  and  selected  polymers)  to  JP-10  at  temperatures 
up  to  60^^C  and  periods  up  to  several  months  or  even  years.  JP-10  samples  from  these  tests,  some  which 
had  shown  evidence  of  possible  JP-10  degradation  (discoloration,  resin  formation)  were  al.so  made 
available  to  us. 

Finally,  towards  the  end  of  the  study  a  JP-IO  .sample  showing  yellowish  di.scoloration  upon  retrieval  from 
a  large  storage  tank  and  which  had  failed  the  JFTOT  (Jet  Fuel  Thermal  Oxidation  Test)  was  submitted  for 
analysis. 
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1.2  IP-IO  PRODUC  I  ION  PROCESS  INFORMATION 


JP-IO  IS  an  Air  Force  fuel  Meeting  the  -53C  (-65F)  operational  requirement  for  use  in  the  Air-Launched 
Cruise  Missile  (LCM).  JP-10  in  its  purest  form  has  the  single  chemical  structure 
exo-tetrahydrodi(cyclopentadiene).  Commercial  JP-IO  is  made  by  a  multistep  process  from 
cyclopentadiene.  The  cyclopentadiene  is  generally  isolated  from  refinery  hydrocracker  products  and 
separated  by  distillation  from  the  methyl  substituted  isomers.  The  cyclopentadiene  is  dimerized  to  form 
the  compound  dicyclopentadiene  which  is  then  hydrogenated  over  a  nickel  catalyst  to  give  the 
endo-isomcr  of  tctrahydrodi(cyclopenladienc).  The  endo-isomer  is  not  suitable  for  use  as  a  jet  fuel 
because  of  its  high  freezing  point  so  that  it  is  isomcrized  over  -n  aluminum  chloride  catalyst  to  form  the 
exo-isomer  which  only  freezes  below  -70°C.  This  product  is  washed  to  neutralize  it  and  purified  by  a 
narrow  distillation  cut  with  a  3-4'^C  boiling  point  range.  Finally,  2-methoxyethanol  is  added  as  an  icing 
inhibitor  and  dibutylhydroxytoluene  (BHT)  is  added  as  an  antioxidant. 

1.3  AV  AILABLE  LITERATURE  DATA  ON  .|P-10  COMPOSITION  AND  STABILITY 

A  previous  Air  Force  report  [21  examined  the  purity  of  JP-10  samples  and  showed  that  at  least  two 
isomers  are  present  in  low  concentration  and  are  not  readily  removed  even  by  very  narrow  fractional 
distillation  cuts.  One  of  these  is  some  residual  endo-isomer  which  is  actually  considered  advantageous  at 
concentrations  up  to  A^/(  in  order  to  increase  overall  specific  gravity  [1  j.  JP-IO  oxidation  products  have 
also  been  examined  [.^j  although  the  fuel  is  normally  considered  very  stable  due  to  the  fact  that  virtually 
no  aromatics  or  unsaturaicd  compounds  can  survive  the  aluminum  chloride  i.somerization  step  1 1 1. 


SECTION  2.0 
EXPERIMENTAL 


2.1  SAMPLE  DESCRIPTION 

Table  1  lists  the  JP-10  samples  delivered  by  Air  Force  personnel  for  analysis.  V-39  was  one  of  the  first 
yellow  .samples  taken  from  an  aircraft  refueling  operation.  ALS  is  the  field  sample  received  from  another 
Air  Force  Base  storage  lank  where  fuel  yellowing  was  observed  near  the  end  of  our  project.  Control  CA 
consisted  of  4  gallons  of  JP-10  batch  84-1-B  which  we  obtained  from  Hill  Air  Force  Base  to  use  in  our 
own  accelerated  aging  tests.  The  control  CB  includes  a  collection  of  .several  separate  samples  intended  to 
represent  the  starling  material  for  the  V-39  fuel  and  subsequent  accelerated  aging  tests  performed  by  Air 
Force  personnel.  Controls  CC  and  CD  were  taken  from  two  other  separate  sources  to  help  us  examine  the 
range  of  variation  between  different  JP-10  batches.  CC  was  prtxluced  in  1985  and  obtained  as  a  relatively 
fresh  sample  directly  from  the  KcKh  refinery.  Sample  CD  was  produced  in  1977  and  has  been  stored  in 
covered  ouldixir  ambient  conditions  at  Wright  Patterson  AFB  since  then.  The  rest  of  the  JP-10  samples  in 
Table  1  are  the  re.sult  of  one  dynamic  fuel  pump  le.st  and  several  .static  accelerated  aging  tests  performed 
by  Air  Force  personnel. 
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TABLE  1. 

LIST  OF  SAMPLES 


Sample 

Code 

Description 

(Field  Samples) 

V39,  V40,  PFP 

first  yellow  samples  of  JP-10  V39  and  V40  taken  from 
vehicles.  FPP  from  process  fuel  panel 

ALS 

later  yellow  sample  of  JP'IO  from  Allison  APB  became 
discolored  after  storage  in  fuel  tank 

1  (Control  Sanples) 

CA 

JP-10  batch  SA-l-EB  stored  at  -30OC  at  UUBPC  in  glass 
containers 

CB 

a)  presumed  JP-10  control  for  V39,  V40,  and  PPP  obtained 
and  stored  in  polyethylene  containers 

b)  JP-10  control  for  T2-T4,  S2-S4  samples 

CC 

JP-10  from  Koch  refinery,  batch  85-9 

CD 

JP-10  batch  labelled  "received  Aug.  1977"  stored  by  A.P. 
personnel  since  1977 

1  (Samples  Obtained  from  Air  Force  Laboratory  Tests) 

SI 

2.5  year  extraction  of  2  fuel  pumps  kept  at  ambient 
temperature 

S2 

extraction  of  urethane  tubing  kept  for  2  months  at  60*’C 
formed  brown  gum  deposits  that  looked  like  the  tubing 
material 

S3,  T3 

extraction  of  whole  armature  kept  for  2  months  at  60°C 
which  formed  an  obvious  brown  gum  deposit 

S4 

extraction  of  Torlon  rod  kept  for  1  month  at  60°C  with 
no  obvious  residue  formation 

T2 

"■»trartl'-’»  ring  kept  for  1  month  at  60®C 

and  which  yellowed  quickly 

T4 

extraction  of  fish  paper  kept  for  1  month  at  60®C  which 
formed  brown  gum  deposit 
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2.2  DYNAMIC  AND  STATIC  TEST  PROCEDURES 


Since  the  WaJbro  electric  fuel  pump  was  initially  strongly  suspected  in  the  fuel  problems,  our  first  tests 
were  designed  to  isolate  it  and  its  effects  from  all  other  fuel  system  components.  Thus  the  apparatus 
shown  in  Figure  1  was  constructed  to  allow  only  fuel  contact  with  Teflon  and  borosilicate  glass  surfaces 
outside  the  pump  itself.  A  volume  of  0.5  to  2  liters  could  be  recirculated  for  extended  periods  of  time  to 
increase  the  concentration  of  any  reaction  products  while  simulating  the  fuel  recycling  performed  in  the 
Air  Force  refueling  process.  The  fuel  reservoir  flask  was  submerged  in  a  constant  temperature  bath  to 
minimize  fuel  heating  from  the  pump  operation.  The  apparatus  was  also  designed  to  allow  siphon 
priming  of  the  pump  with  fuel  to  minimize  reactions  of  fuel  liquid  and  vapor  with  gaseous  air  inside  the 
pump.  This  was  originally  intended  to  aid  the  removal  of  air  for  operation  of  the  system  under  N2  but 
was  routinely  done  even  for  all  the  experiments  under  air. 


Figure  I .  Apparatus  for  Dynamic  JP-10  Tests 
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Most  of  our  sialic  tesls  were  performed  by  placing  samples  of  JP-10  in  capped  lesi  tubes  (or  vials)  along 
with  various  pans  of  a  disassembled  armature  from  a  fuel  pump  in  a  60°C  oven.  Visual  inspections  of 
samples  and  low  voltage  direct  MS  were  performed  periodically  after  several  days  and  several  weeks  ol 
aging.  These  experiments  were  done  primarily  using  our  JP-10  control  CA  with  a  few  tests  siancd  using 
CB  and  CD. 

One  static  test  was  performed  using  a  round  bottom  flask,  heating  mantle  and  condenser  system.  JP- 10 
control  CA  and  fish  paper  were  added  to  the  flask  and  the  sample  was  kept  at  60°C  for  8  weeks,  with 
visual  inspection  daily  for  the  first  month,  and  weekly  thereafter.  In  this  case,  the  fuel  was  in  constant 
equilibrium  with  the  atmosphere  rather  than  just  the  limited  headspace  of  closed  vials.  Although  the 
condenser  minimized  evaporation  losses  of  the  fuel,  it  allowed  ambient  air  to  react  both  with  vapor  and 
condensed  liquid  which  was  essentially  separated  from  the  less  volatile  antioxidant  BHT  in  the  main 
volume  of  liquid.  This  experiment  was  initiated  to  duplicate  conditions  of  the  Air  Force  static  tests  which 
had  generated  marked  amounts  of  gum. 

23  LIQUID  CHROMATOGRAPHY  (  LC  ) 

Several  samples  were  fractionated  by  open  column  LC  to  separate  several  different  classes  of  impurities 
from  each  other  and  the  bulk  components  of  the  fuel.  The  open  column  LC  was  performed  using  a  5  mL 
graduated  pipette  packed  with  80-120  mesh  Florisil  (Mg  Silicate)  approximately  0.5  g  sea  sand  was  used 
at  both  ends  of  the  column  to  physically  stabilize  the  dry  Florisil  bed.  The  sample  (0.5  to  0.8  g)  was 
diluted  in  approximately  0.5  mL  n-hexane  and  the  resulting  solution  (approximately  1  mL)  was  then 
placed  on  the  column  and  successively  eluted  with  3  mL  n-hexane,  2  mL  10%  dichloromethanc  in 
n-hexane,  2  mL  dichloromethanc,  and  2  to  4  mL  10%  methanol  in  dichloromethanc;  all  solvents  rated 
HPLC  grade.  The  sample  was  separated  into  volumetric  fractions  by  gravity  elution.  Fractions  1  through 
4  contained  1/2  mL  each.  Fraction  5  contained  1  mL,  fraction  6  contained  1.5  mL,  and  fractions  7  and  8 
contained  2  mL  each.  Fraction  9  ranged  between  .5  mL  and  1  mL  and  consisted  of  the  remaining  solvent 
forced  off  the  column  through  the  use  of  a  pipette  bulb.  The  small  volume  of  fraction  9  was  attributed  to 
column  holdup  and  the  evaporation  of  solvent  at  the  tip  of  the  column. 

A  thorough  cleanup  of  JP-10  was  attempted  using  an  open  LC  column  of  activated  charcoal  and  Florisil. 
A  2.2  cm  inside  diameter  x  43  cm  long  column  was  packed  in  the  bottom  half  (ca.  75  mL)  with  6()-l(X) 
mesh  activated  Florisil  (Aldrich  22,075-2)  and  in  the  top  half  with  a  mixture  of  ca.  19%  by  weight 
activated  charcoal  powder  (MCB  CX  660)  and  activated  Florisil.  An  800  mL  sample  of  control  CA  was 
added  to  50  g  of  activated  Rorisil  as  a  preadsorption  treatment  to  remove  the  most  polar  impurities. 
When  this  adsorbent  developed  a  light  pink  color  in  less  than  30  minutes,  the  fuel  was  decanted  to  a 
.second  50  g  of  activated  Florisil  which  also  turned  a  slightly  darker  salmon  pink  color.  The  fuel  was  then 
decanted  over  several  hours  onto  the  dry  packed  column.  The  JP-10  flowed  very  slowly  through  the  very 
fine  panicles  of  the  charcoal  bed  and  required  more  than  10  hours  to  elute  four  major  sequential  fractions 
of  ca.  20  mL,  50  mL,  90  mL  and  35  mL  with  1.5-2mL  analytical  fractions  after  each. 

2.4  FTIR  ANALYSIS 

Fourier  transform  infrared  spectroscopy  was  performed  using  an  IBM  IR  32  controlled  by  an  IBM  9(XX) 
computer.  Samples  were  run  as  neat  liquids  on  salt  plates  or  in  the  case  of  the  S3  residue  as  a  .semi-solid 
mass  smeared  on  a  salt  place.  Resolution  was  4  cm-1  and  256  scans  were  taken  of  each  sample.  Spectra 
were  stored  on  the  computer  for  subsequent  data  workup. 

2.5  LOW  VOLTAGE  DIRECT  MASS  SPECTROMETRY 

Low  voltage  MS  analyses  were  carried  out  on  the  Extranuclcar  5(XX)-1  Curie-point  Py-MS  system.  A 
detailed  description  of  the  system  shown  m  Figure  2a  can  be  found  elsewhere  |4).  For  residue  analysis  of 
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the  JP-10  samples,  5  pg  samples  were  coated  on  ferromagnetic  wires.  The  wires  were  then  inserted  into 
borosilicaie  glass  reaction  tubes  and  introduced  into  the  vacuum  system  of  the  mass  spectrometer.  The 
ferromagnetic  wires  were  inductively  heated  at  a  rale  of  approximately  100°C/s  to  an  equilibrium 
temperature  of  610°C  (as  determined  by  the  Curie-point  temperature  of  the  wire).  The  total  scanning  time 
was  20  seconds.  For  liquid  samples  of  moderate  and  high  volatility  (i.e.  JP-10  iiselO,  a  special 
introduction  method  was  applied.  This  method  involves  the  use  of  a  glass  capillary  tube  (micro  caps, 
Drummond  Scientific)  sealed  on  one  end  and  capable  of  holding  up  to  .5  pi  liquid.  A  detailed  schematic 
of  the  capillary  sample  introduction  system  is  shown  in  Figure  2b  [5].  After  introducing  into  the  vacuum 
system  the  capillary  tube  was  inductively  heated  up  by  a  tightly  wound  ferromagnetic  spring.  This 
ensured  complete  evaporation  of  most  samples  within  approximately  2  minutes. 

Typical  operating  conditions  were  as  follows:  electron  energy  12  eV,  scanning  rate  1000  amu/S,  mass 
range  20-280  amu.  All  spectra  were  recorded  on  an  IBM  9000  computer  and  summed  into  a  single 
time-integrated  spectrum  of  100  scans  for  residue  analysis  and  800  scans  for  capillary  analysis. 


Figure  2«.  Lov  voltage  aa«s  spectrosetry  syscea  with  special  inlet  for  low 
volatile  liquids  snd/or  solids  using  hf  induction  heating  (Curie- 
point)  evaporatlon/desQcption  pyrolysis  principles. 


heoted 

ctromic  rube  hf  cod  ferromopnehc 


fuel  sorroie 


Figure  2b.  Oefailad  tcheaatlc  of  capillary  saaple  introduction  systes  which  adapts 
a  conventional  Curie-point  pyrolysis  inlet  foe  use  with  high  volatile 
liquid  samples  (lov  volatile  samples  were  introduced  on  a  Ferronagnet ic 
filament).  Saall  inside  diameter  (O.i  m)  and  long  length  (1.5  cm) 
minimise  sample  evaporation  prior  to  heating. 
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2.6  GAS  CHROMATOGRAPHY  /  MASS  SPECTROMETRY  (GC/MS) 


GC/MS  analyses  were  performed  using  a  Tracor  56()  gas  chromatograph  interfaced  to  a  Finnigan  Ion 
Trap  Detectoi  with  an  IBM  PC-XT  data  system.  Preliminary  data  were  taken  on  a  packed  column  of 
Dexsil  300  GC  on  Chromosorb  G  HP,  100/120  mesh  in  an  118  in.  x  8  ft.  stainless  steel  lube.  These 
columns  were  run  with  a  25  mL/min  He  carrier  gas  flow  with  one  fifth  split  to  the  mass  spcciromcicr  and 
the  rest  to  a  flame  ionization  detector.  The  main  column  used  was  a  15  m  x  0.32  mm  i.d.  lused  silica 
capillary  column  coated  with  a  0.25  n:.;  bonded  film  of  5%  phenyl  methyl  silicone  (J&W  Scientific,  Inc., 
DB-5).  The  column  was  operated  with  a  head  pressure  of  He  carrier  gas  at  5  psig  to  give  an  average 
linear  flow  of  ca.  0.5  m/s.  For  analysis  of  neat  JP-10  samples  for  low  concentration  impurities  an 
on-column  injector  (J&W  Scientific,  Inc.)  was  used  to  place  the  liquid  samples  directly  inside  the 
capillary  column  by  means  of  a  fused  silica  syringe  needle.  The  outlet  of  the  column  was  connected  to  an 
open-split  interface  which  carried  ca.  1.5  mL/min  of  the  column  flow  through  a  healed,  DB-5  coated 
fused  silica  transfer  line  into  the  vacuum  of  the  mass  .spectrometer. 

For  analysis  of  the  major  JP-10  components,  .samples  were  dissolved  at  1  mg  /  mL  in  HPLC  grade 
n-hexane  and  0.1  ul  injected  on-column  with  temperature  programming  from  30  to  270°C  at  20°C  /  mm. 
The  low  concentration  impurities  were  analyzed  by  treating  the  JP-10  main  compound  as  the  solvent  and 
injecting  ca.  0.05  ul  with  a  temperature  program  from  80  to  300'^C  at  10°C  /  min.  The  upper  temperature 
limits  were  only  necessary  for  high  boiling  contaminants  and  cleaner  samples,  e.g.,  control  samples,  were 
often  terminated  below  300^C.  LC  fractions  were  al.so  often  analyzed  by  GC/MS  to  aid  peak 
identifications  in  the  neat  samples.  Fractions  in  solvents  were  injected  on-column  into  a  cool  portion  ol 
capillary  outside  the  chromatograph  oven  before  pushing  the  capillary  back  into  the  SOX  oven  and  then 
programming  identical  to  the  neat  samples  at  lO'^C  /  min. 

The  ion  trap  detector  (ITD)  mass  spectrometer  was  operated  both  in  electron  ionization  (El)  and  chemical 
ionization  (Cl)  modes  for  different  samples.  The  El  mode  (using  new  dynamic  range  enhancement 
software,  version  2.03)  was  u.sed  for  identification  and  quantitation  of  the  main  JP-10  components.  It  was 
al.so  used  to  give  the  fingerprint  fragmentation  patterns  and  true  molecular  ions  when  present  to  identify 
the  low  concentration  impurities.  The  Cl  mode  was  used  to  simplify  the  data  by  reducing  the  amount  of 
compound  fragmentation;  in  many  cases  giving  primarily  a  single  "pseudo-  molecular”  ion  peak.  The  Cl 
was  operated  using  H20  vapor  as  the  reagent  gas  at  an  operational  pressure  selected  to  give  an  m/z  19  to 
18  ratio  of  10  to  1  with  an  ionization  lime  of  200  ps  to  form  the  water  ions  and  a  reaction  time  with 
sample  molecules  of  KX)  ms.  The  mass  spectrometer  scan  rate  depended  both  on  ionization  mode  and 
mass  range  and  was  generally  4  scans/s  from  m/z  50  to  240  for  the  El  bulk  component  analysis  and  2 
scans/s  from  m/z  40  to  300  for  the  low  concentration  impurities  analysis. 

Quantitation  of  the  bulk  components  was  done  simply  by  integration  of  the  total  ion  chromatogram  (TIC) 
for  the  four  mam  peaks  and  normalization  to  1(X)%  total.  However,  the  concenu-alions  of  the  many  low 
level  impurities  were  only  approximated  for  the  Cl  data  using  specific  ion  peak  heights  relative  to  two 
internal  standards.  Neat  JP-IO  samples  were  spiked  with  10  ul/mL  of  a  .standard  solution  m  n-hexane  to 
give  final  concentrations  of  40  ppm  (ug/mL)  acenaphthenc  and  60  ppm  n-hepiadecane.  For  unknowns 
such  as  aromatics  which  gave  mainly  a  single  ion,  their  concentration  was  simply  estimated  as  the  ratio 
of  that  ion  peak  height  to  the  added  acenaphthenc  pseudomolecular  ion  (m/z  155)  peak  height  times  the 
40  ppm  standard  concentration.  For  compounds  such  as  the  aliphatics,  which  still  showed  significant 
fragmentation  in  the  Cl  mode,  the  peak  height  of  a  major  fragment  ion  was  ratioed  to  that  of  m/z,  57  of 
the  heptadecane  and  multiplied  by  60  ppm.  The  inicmai  standard  peak  heights  were  corrected  for  the 
relative  amounts  of  acenaphthenc  and  heptadecane  in  the  original  samples  by  comparison  to  analyses 
without  the  standards  added. 
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RKSl  LTS  AM)  DISCI  SSION 


3.1  ANALYSIS  OF  .IP-10  BULK  COMPONENTS 

111  order  (o  ehcek  lor  possible  gross  diltererices  between  problem  sample  V39  and  JP-IO  control  samples 
gas  chromatography  combined  with  mass  spectrometry  (GC/MS)  was  used  to  measure  and  identify  the 
major  bulk  coniptnients.  As  shown  m  Figure  3,  four  major  components  v.  .re  found;  JP-10  cxo-isomcr 
(MW  136,  95.3fr),  JP-IO  endo-isomer  with  an  identical  mass  spectrum  to  the  exo-isomer  (MW  136, 
I.HS'v),  a  more  symmetrical  isomer,  probably  adamaniane  (MW  136,  \.()lW(y.  and  an  analog  with  two 
atlditional  hydrogens  and  therefore  one  less  ring  than  the  other  tricyclic  JP-IO  isomers  (MW  1 3X,  {.fiV/i ). 
Compared  to  the  three  control  .samples  (Figure  4)  the  relative  concentrations  ol  these  lour  components  do 
not  seem  to  differ  by  more  than  fractional  percentage  points  as  shown  in  Table  2.  The  ollicial  JP-10 
specifications  leave  considerable  rcxini  for  -juanlitati''c,  or  even  cjualitati'e,  variations  in  the 
compositions  of  bulk  componenl^  (•.iiice  extra  peaks  which  are  w  ithin  plus  or  minus  ten  percent  ol  the 
retention  time  for  the  exo-isomer  peak  are  allowed  to  comprise  up  to  20''J  ol  the  exo-isomer  area  to  give 
the  required  minimum  content  of  at  least  98. .“iZ  of  the  total  GC  signal),  the  relaiively  small  dillcreiices 
between  Flgure^  3  and  4  do  not  appear  to  provide  cause  for  concern. 

Another  approach  to  rapid  'fingerprinting"  of  the  bulk  composition  of  JP-IO  as  we'l  as  some  ol  the  most 
prominent  trace  eomponenis  is  by  direct  low  voltage  MS  using  the  capillary  tube  sample  introduction 
technique  illustrated  in  Figure  2.  The  capillary  tube  spectra  of  'V39  and  two  control  samples  (A&B)  arc 
shown  in  Figure  3.  Due  to  the  large  dynamic  range  of  the  signal-averaged  mass  spectra  obtained  by  the 
capillary  tube  introduction  method  it  is  possible  to  blow  the  intensity  scales-of  the  spectra  up  by  a  lactor 
20  or  so  and  still  maintain  good  signal-to-noise  ratios.  This  enables  a  quick  look  at  trace  components  such 
as  aromatic  compound  senes  (see  Figures  .3d,  e,  f).  A  di.sadvantage  of  the  capillary  tube  nei'iod  is  that 
less  volatile  components  such  as  BU'F  (dibutylhydroxytoluene)  are  not  easily  detected.  Iherelore,  it 
remains  to  tx'  determined  whether  the  t>pical  silicone  oil  (m//  207)  and  dioctylphthalate  (m//  251) 
Iragnient  ion  peaks  seen  in  the  V.Jy  sample  and  .some  of  the  controls  are  derived  from  actual  lucl 
components  or  may  have  come  from  the  outside  of  the  capillary  tube  (thus  repic.scnting  contaminants 
introduced  during  the  sample  preparation  procedure'  From  the  low  voltage  MS  patterns  in  Figure  ,3  it  can 
be  concluded  tliat  the  overall  composition  of  JP-10  bulk  components  is  very  similar  (as  also  indicated  by 
the  GC  data  in  Figures  3  and  4)  hut  that  significant  differenced  appear  to  exist  at  the  trace  comptinent 
level.  Th'  se  differences  m  trace  organic  compon  mts  will  be  analy/ed  and  discussed  in  greater  detail  m 
the  next  lew  paragraphs. 
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Figure  3  Cfu.\  i  hromaui^ram  <>1  sample  \  3^  showing  ma/ar  eomponenis.  Iraec  h)  is 
an  cxpansiiin  of  the  si  an  *1970  in  1 171)  return.  sli(>>sini;  the  four  major  t  ompoHciits  m 
the  sample.  Componenis  i\ere  tentaU\el\  utenufied  h)  mass  spei  iromelrs  and  ate 
listed  in  table  2. 


TABLK  2 

!NTK(;RATF.D  ARKA  VALI  FS  of  4  BI  LK  COMPONFNT  (TOTAL  = 

100%) 

Peak 

Assignnieni 

Sample 

1 

Bieyelie  m//  1 

(  /  'r  ) 

1 

E,\i)- isomer 

('•; ) 

.7 

Ailamaniane 
(/•; » 

4 

Eiulo-isomer 

( '7  ) 

CA 

I.S9 

9S.3 

1.21 

1 .09 

CB 

1.44 

9.s,2 

1.25 

2,08 

CB* 

i-.s: 

94.8 

1.28 

2,44 

CC  (C85) 

0,97 

94.8 

0.85 

,T.^9 

vv; 

I..S.7 

95. S 

1.07 

1,88 

0.4H 

97.4 

0.71 

1.40 

O.SO 

97.1 

0.08 

1  74 

*  tlu()iieaie  runs 

14 


!■  i^ure  5  a.hx.  Low  voliage  nuiss  speuru  of\'39  and  two  lontrol  samples  (A  &  B)  performed  usiris;  the 
capillary  introduction  technique.  fa-Sc  show  that  the  hulk  compositions  of  these  samples  are  very  similar 
(the  differences  in  trace  components  amoni;  these  samples  is  shown  in  Figure  5d-f  with  20  x  expanded 
spectra  i 


INTENSITY 


(svts) 

IH-IM) 

f-iiitirc  5  d.c,f.  Ll>w  vi>liai;'’  mu.\s  spccira  of\  39  and  two  control  samples  (A  &  B )  performed  using  the 
!  apdlar\  introductum  technique.  5d  -  .‘if  show  the  difference  of  trace  components  among  these  samples. 
Sole  the  spectra  are  expanded  20  times  (hulk  compositions  of  these  samples  are  shown  in  Figure  5  a,h.c) 


3.2  ANALYSIS  OF  JP-10  TRACP:  COMPONENTS 


In  order  lo  determine  the  nature,  relative  abundance,  and  possible  signilicanco  ol  trace  components 
further  GC/MS  analyses  were  jx;rformcd  in  such  a  way  as  to  locus  on  relatively  small  [Kaks  while  letting 
the  bulk  component  peaks  go  oil  scale  (m  eltcct  saturating  the  MS  detector  system).  Moreover,  direct 
(low  voltage)  mass  spectrtimetry  and  FUR  spectroscopy  were  performed  on  the  residue  obtained  after 
evaporating  most  of  the  JP-10.  Finally,  .several  fuel  samples  were  separated  into  6  to  9  subfractions  by 
open  column  LC  before  being  submitted  to  further  direct  MS  analysis. 

The  highly  complex  nature  of  the  organic  trace  components  in  JP- 10  is  illustrated  by  the  GC/MS  total  ion 
current  (TIC)  and  ion  chromatogram  profiles  of  the  V.J9  sample  in  Figure  6.  As  can  be  seen  m  Figure  Ob 
and  6c,  the  aromatic  compounds  arc  represented  in  the  Cl  spectra  primarily  by  pseudonuilecular  ions  of 
m/z  M-i-1  due  to  simple  protonation.  However,  the  m/z  20.J  uace  (Oil)  for  the  oligomers  indicates 
sesc(uimers  both  of  molecular  weight  202  (C15H22)  and  204  (C]3H24)  with  the  latter  compounds 
experiencing  neutral  H2  loss  after  the  initial  protonation  to  give  an  M-tl-2  ion.  Other  aliphatic 

compounds  showed  significant  fragmentation  even  in  the  low  energy  chemical  ionization  as  shown  in 
Figure  Oc  by  peaks  of  the  butyl  ion  at  m/z  57  from  the  alkanes.  Besides  aromatic  and  aliphatic 
hydrocarbons,  intriguing  JP-10  oligomer  (sesqunner  and  dimer)  signals  were  found  in  many  samples,  as 
well  as  hcteroatomic  components  such  as  BHT,  DOP  (dicKtylphthalate)  and  silicone  oil. 

Although  some  7  classes  of  organic  trace  components  (most  in  the  1-100  ppm  range)  were  found  to  occ  ur 
m  V.J9  as  well  as  in  the  control  samples,  none  of  these  compounds  or  compound  classes  were  found  to  be 
unique  to  the  V.J9  sample.  In  fact,  all  JP-10  samples  analyzed  thus  far  (see  Table  1 )  contain  most  of  these 
compound  series  as  evidenced  by  the  lists  of  approximate  impurity  concentrations  in  Table  .T  The  data  in 
Table  3  represent  a  preliminary  effort  to  identify  and  roughly  quantitate  some  of  the  low  conccntralion 
impurities.  Peak  numbers  correspond  lo  major  single  ion  chromatogram  peaks  as  lalieled  m  Figures  6  and 
7.  The  Kovats  index  is  a  retention  index  m  which  peak  times  are  linearly  interpolated  between  ihe 
n-alkanes  when  the  GC  analysis  uses  a  linear  temperature  program.  Compound  ispes  were  deleriiiineil 
from  both  El  and  Cl  ionization  modes  on  both  neat  samples  and  LC  fractions  but  are  still  soniewhai 
uncertain  for  .some  oligomers  and  other  aliphatics  which  did  not  .  how  clear  molecular  ion>.  I  he  carbon 
number  indicates  the  total  number  of  carbons  in  the  compounds.  The  "Z  number  is  a  measure  ol  the 
number  of  hydrogens  according  to  the  formula  CnH2n+z  nnd  is  a  useful  guide  to  compound  types;  e  g. 
-1-2  lor  an  alkane.  -4  for  the  JP-IO  exo-  and  endo-isomers.  -12  lor  naphthalenes  and  -6  or  -K  lor  some  ol 
the  oligomers.  The  internal  standards  are  indicated  as  peak  66  for  acenaphthene  and  peak  100  for  the 
hepladecane.  An  outside  limit  lor  the  accuracy  of  concentrations  is  suggested  by  the  values  for  BHT 
which  ha-,  an  unusual  Cl  liagmeniation  and  results  in  errors  of  a  lactor  of  3  or  more.  More  careful 
estimate;  by  other  techniques  showed  the  BHT  to  be  within  20C  of  its  specification  100  ppm  value  for 
each  of  the  '■  samples. 

I  his  brings  up  the  important  questions  ol  what  the  origin  is  ol  all  ih.  se  trace  components  anil  what  role, 
il  any.  each  ol  these  compounds  or  compound  classes  might  play  m  causing  the  observed  discoloration 
and  gum  lormation  pioblems.  In  order  to  provide  plausible  answers  to  these  questions,  each  ol  Ihe  trace 
component  types  will  he  discussed  separately. 
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Total  Ion  Intensity 


f  i^urc  rt  Gas  <  hromaio^ram  of  sample  \  3^,  .shewing  a)  the  total  ion  chromatogram  and  b-e)  ion 
chromatograms  of  four  compound  types  present  as  trace  components  in  sample  V39.  Note  that  the 
intensities  of  the  ion  chromatograms  are  each  expanded  relative  to  the  total  ton  chromatogram  in  (a). 


TABLE  3. 

MINOR  GC/MS  PEAKS  IN  THE  V39  FIELD  SAMPLE  AND  IN  THE  CA,  CB,  CD  CONTROL 
SAMPLES  WITH  PROPOSED  STRUCTURE  IDENTITIES 
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Figure  7.  Gas  chromatography!  mass  spectrometry  of  the  three  control  samples  A.  B,  and  C  showing  trace 
components.  Many  of  the  peaks  have  been  identified  on  table  3.  *  =  t  he  dashed  lines  between 
chromatog/ams  connect  several  comnwn  peaks  between  analyses  with  differing  carrier  gas  flows. 


3.2.1  (Alk)lsubs:-‘uted)  Aromatic  Hydrocarbons 

Type  and  relative  abundance  of  aromatic  hydrocarbon  trace  components  are  found  to  vary  considerably 
between  different  sample  batches  as  shown  in  Figures  7  and  H.  The  GC/MS  and  low  voltage  MS  profiles 
of  three  different  control  samples  in  Figures  7  and  8,  respectively,  illustrate  the  three  main  aromatic 
patterns  encountered  in  this  study.  Sample  A  reveals  dominant  series  of  (alky!)  naphthalenes  and  (alkyl) 
biphenyls.  Sample  B  shows  a  prominent  (luorenc  peak  and  higher  biphenyl  homologs  while  lacking 
significant  naphthalene  signals.  Sample  C  on  the  contrary  has  by  far  the  lowest  concentrations  of 
alkylaromatics  and  the  most  significant  of  these  arc  (alkvl)  biphenyls. 

The  origins  of  the  aromatic  hydrixarbon  components  in  JP-10  may  w’cll  be  multiplex.  None  of  the 
aromatic  senes  is  likely  to  be  a  direct  by-product  of  the  JP-10  prcxluction  process  since  aromatic 


compounds  would  noi  survive  the  aluminum  chloride  endo-  to  exo-isomeri/ation  step.  The 
alkylbenzencs  and  alkylnaphthalenes  appear  to  show  the  greatest  variation  among  different  sample 
batches.  In  view  of  the  fact  that  most  fuel  distribution,  transportation  and  storage  systems  have  probably 
been  in  contact  with  common  jet  fuels  and  other  transportation  fuels,  the  alkylbenzenes  and 
alkylnaphthalenes  are  likely  to  represent  cross  contamination  with  such  fuels. 

However,  the  biphenyls  which  appear  in  all  three  recent  controls  (but  not  the  1977  sample  di.scusscd 
below)  are  not  as  common  to  normal  commercial  fuels.  According  to  conversations  with  refinery 
personnel  [1]  the  biphenyls  may  represent  bottoms  from  a  process  such  as  the  demethylation  of  toluene. 
Since  this  process  is  not  very  common  among  large  refineries,  the  biphenyl  impurities  may  possibly 
represent  a  signature  of  the  Koch  refinery  which  may  alternate  between  use  of  a  distillation  column  for 
JP-10  production  and  bottoms  recovery.  The  fluorenc  in  control  sample  B  is  also  a  likely  byproduct  of 
toluene  demethylation  and  in  this  scheme  would  simply  suggest  a  wider  range  bottoms  distillation  to 
leave  it  and  the  C2  and  higher  biphenyls  as  refinery  contaminants  to  the  batch  from  which  control  sample 
B  was  obtained. 

With  regard  to  the  possible  role  of  alkylaromatic  compounds  in  the  chemical  degradation  of  JP-10  the 
following  observations  may  have  some  relevance.  First  of  all,  alkylaromatic  content  appears  to  be 
relatively  low  in  JP-10  samples  exposed  to  long  term  atmospheric  conditions  (e.g.,  the  1977  batch  .sample 
shown  in  Figure  9a,b)  or  accelerated  laboratory  conditions  (e.g.,  the  sample  S4  exposed  to  air  at  60°C  for 
1  month,  shown  in  Figure  9c).  This  may  indicate  a  direct  involvement  of  alkylaromatic  components. 
Secondly,  accelerated  weathering  tests  in  our  laboratory  with  control  sample  A  (which  contains  a 
relatively  high  abundance  of  alkylnaphthalenes)  failed  to  produce  visible  changes  whereas  similar 
weathering  tests  with  control  sample  B  (performed  by  Air  Force  laboratories)  caused  extensive 
discoloration  and  gum  formation.  Assuming  that  oxidative  processes  do  play  an  important  role  and  that 
the  relatively  low  concentration  (approximately  1(X)  ppm)  of  BHT  (dibutylhydroxytoluene)  is  insufficient 
to  prevent  these  processes  then  the  question  could  be  asked  whether  alkylnaphthalenes  and/or  other 
aromatic  compound  series  might  perhaps  offer  added  protection  against  oxidation,  e.g.,  by  .scavenging 
leactive  radicals  or  by  promoting  hydrogen  transfer  reactions.  If  so,  then  complete  removal  of 
naphthalenes  and  other  aromatic  trace  components  from  JP-IO  batches  might  actually  result  in  a  Ic.ss 
stable  fuel.  This  assumption  should  be  tested  carefully  in  future  JP-10  experiments. 
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Figure  iV,  Low  voltage  mass  spectra  of  three  control  samples  ofJP-IO  using  Curie  point  wires.  Batch 
variation  among  the  control  samples  is  apparent. 


3.2.2  JP-10  Related  Oligomers,  Homologs  and  Analogs 

As  illustrated  in  Figure  9  considerable  quantities  of  JP-IO  sesquimers  (or  cyclopcntadiene  trimers)  and 
dimers  are  found  in  weathered  samples  whereas  only  minimal  abundances  are  observed  in  the  "fresh " 
control  samples  in  Figures  7  and  8.  GC/MS  analysis  reveals  that  the  sesquimers  at  m/z  202/204  as  well  as 
the  dimers  at  m/z  270/272  consist  of  a  complex  mixture  of  isomers.  This  is  in  line  with  a  mechanism  by 
which  JP-IO  radicals  arc  formed  in  different  positions,  e.g.,  through  peroxide  intermediates,  which 
subsequently  recombine  to  form  stable  dimers.  Sesquimer  formation  would  require  decomposition  of 
JP-10  (or  one  of  its  analogs)  into  two  C3  fragments  with  one  of  thc.se  fragments  subsequently  combining 

with  an  intact  JP-10  molecule. 


Whether  one  or  more  of  the  various  JP-10  isomers  and/or  analogs  (c.g.,  shown  in  Figures  3  and  4)  are 
relatively  reactive  and  responsible  for  most  of  the  oligomer  formation  or  whether  the  main  JP-IO 
exo-isomer  is  directly  involved  is  uncertain  at  this  point.  However,  the  relative  abundances  ol  the  bulk 
components  shown  in  Figures  3  and  4  have  been  observed  to  change  during  accelerated  laboratory 
weathering  tests,  suggesting  that  the  dicyclic  analog  (MW  138)  and  adamanianc  may  be  slightly  more 
reactive  under  some  conditions.  The  large  relative  reduction  in  the  amounts  ol  these  two  peaks  lor  siimpie 
S3  IS  seen  in  the  data  of  Table  2  as  compared  to  the  CB  starting  fuel. 
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Future  9  Low  voliasie  mass  spectra  of  a)  and  h)  Control  D  and  c)  sample  S4.  Sample  a}  was  analyzed 
more  quickly  with  less  time  for  evaporation  of  the  moderately  volatile  sesquimers  at  m.'z  202  and  204 
than  the  samples  in  hi  and  d. 
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Besides  JF-IO  oligomers,  various  homologs  (c.g..  al  m//.  LSO)  and  analogs  (c.g.,  rcprcscniing  diHereni 
degrees  ol  ring  lormalion  and  saiuraiion  ai  m//  1  and  1 3S  or  mdiealing  the  presence  of  hydroxy  and/or 
keto-suhsiiiuled  moieties,  e.g.,  at  m//  1.32,  K>6,  1H4)  can  be  observed  by  GC/MS  and,  especially,  LC/M-S 
techniques.  Oxygen  subsiiiuied  JP-IO  lorms  are  primarily  found  in  polar  LC  fractions  of  JP-IO  samples 
obtained  from  accelerated  weathering  tests,  as  shown  in  Figure  10. 

l  hat  JP-IO  oligomers  and  analogs  might  play  an  important  role  in  JP-IO  stability  problems  is  not  dilliculi 
to  imagine.  However,  it  should  be  noted  that  the  PJ??  (CD)  sample  in  Figure  6a  was  still  w  nliin  current 
specs  in  November  of  108.3.  In  other  words,  oligomer  formation  iUk's  not  necessarily  lead  to  sigiiilicant 
increases  in  gum  formation.  Perhaps  the  dimers  at  m//  270/272  represent  fairly  stable  end  products.  7  he 
oxygen  substituted  JP-IO  forms  as  indicated  in  Figure  10  arc  obviously  likely  candidates  lor  condensation 
reactions,  potentially  forming  oligomeric  and  polymeric  Iraginents,  as  well  as  lor  the  lorination  ol 
hyilrogen-bonded  gels. 

3.2.3  Long  Chain  Paraffins 

Although  encountered  in  most  JP-IO  samples,  long  chain  paralfins  appear  to  be  especially  abundant  in 
the  two  discolored  samples  V.JO  and  ALS  (see  Figures  6a  and  lla).  The  most  likely  origin  ol  these 
parafliiiic  compounds  must  he  sought  m  oils  and  greases  used  to  lubricate  luel  pumps  as  well  as  used  as 
cutting  and  quenching  oils  during  the  machining  of  fuel  pump  parts  or  other  fuel  system  components. 

.Static  extraction  tests  ol  fuel  pumps  with  JP-IO  revealed  that  a  single  pump  held  enough  grease-like 
material  to  cause  yellowish  discoloration  of  relatively  large  quantities  of  JP-IO.  Extraction  ol  a  siiueretl 
(.’)  fuel  pump  ring  with  JP-IO  produced  strong  aliphatic  hydrocarbon  patterns,  as  shown  in  Figure  lib.  In 
conclusion,  contamination  with  oils  and  greases  from  fuel  distribution  systems  appears  tt>  be  the  mam 
cause  of  yellowish  dr  .viloration,  Moreover,  although  completely  saturated  paraffins  tend  to  be  quite 
stable  at  higher  temperatures,  occasional  branching,  unsaturated  bonds  and/or  oxygen  substitutions  are 
likely  to  cause  thermal  degradation  under  Jl-  fOT  conditions,  thus  explaining  the  problems  encountered 
with  the  ATS  samiile  during  JFTOT  testing. 
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Figure  to  Low  voliuf’e  mass  spectra  of  apolar  {late  eluimf^i  liquid  chromatography  fraction 
and  a  visible  gum  sample  from  the  S3  accelerated  laboratory  weathering  lest  showing  oxygen 
substituted  forms  ofJP-lO. 
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Figure  /  /  [^w  Volume  Mass  Spectra  Of  Discolored  Field  Samples  ALS  And  Extracted  Fuel  Pump  Ring 
Sample  I'2  Showing  Series  Of  Long  Chain  Paraffins. 

3.2.4  Additives  (metho\> ethanol  and  dibutylhydroxy  toluene) 

The  mcthoxyeihanol  dc-icing  additive  which  is  present  in  relatively  large  amounts  (approximately  1()00 
ppm)  IS  relatively  volatile  and  therefore  tends  to  be  obscured  in  the  early  portions  of  the  chromatograms 
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or  lo  be  lost  by  evaporation  in  the  direct  low  voltage  MS  proccd  tcs.  No  attempt  was  made  to  make  this 
additive  the  focus  of  special  analysis  since  it  was  not  expected  to  have  a  major  eF-'ct  on  JP-10  stability. 
The  widely  used  THT  antioxidant  is  clearly  seen  at  m/z  220  and  205  in  the  low  voltage  mass  spectra  of 
the  control  samples  in  Figure  8.  On  the  contrary,  little  if  any  trace  of  BHT  is  left  in  the  two  "weathered  " 
samples  shown  in  Figure  9.  However,  the  behavior  of  BHT  during  exposure  of  JP-10  to  oxidative 
conditions  is  not  easily  predicted.  In  fact,  some  severely  oxidized  samples  still  contained  most  of  the 
BHT,  thus  casting  doubt  on  its  efficacy  in  preventing  oxidative  degradation  of  JP-10.  In  fact,  other 
organic  trac>-  components  such  as  naphthalenes  could  perhaps  play  a  significant  role  in  protecting  JP-10 
against  oxidative  environments. 

3.2.5  Dioctylphthalate  (DOP) 

1X)P  was  detected  and  identified  in  the  ITIR  spectrum  of  the  V39  residue  as  shown  in  Figures  12  and  1.3. 
In  contrast,  however,  DOP  is  not  seen  in  the  FTIR  spectrum  of  the  conpol  A  sample  in  Figure  2b.  The 
origin  of  DOP,  primarily  a  vacuum  pump  oil  (Octoil)  is  not  immediately  clear.  However,  its  presence  in 
several  of  the  samples  received  from  Air  ^orcc  personne'  was  also  confirmed  by  low  voltage  MS. 
Therefore,  accidental  contamination  outside  our  laboratory  cannot  be  ruled  out  and  the  presence  of 
in  the  V39  sample  is  of  doubtful  significance. 
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f  ti^urc  12  /  iiu  'er  Iran  .form  infrared  spet  Ira  of  samples  \'.'9  and  eonirol  .4  as  neai  liquids  on  salt  pL.ies 
'  i  I'nlain-'  a'.iphaiu  .  arnmatu  and  /  arhr>n\l  funi  iional  pnmps  '•■hcreas  (  onirnl  .4  contains  onl\ 
aliphatic  metnslcnc  pini  tional  itmups. 


/■  ii;urc  I .y  !■  imru  r  iran\ti>rm  infrared  spci  Irum  of\  dd  t.udid  line)  muIi  superimposed  speeirurn  of  dioctyl 
phihalale  Idashed  line  i  plaited  in  absorhani  e  versus  wavenumher.  iSoie  the  similarity  between  many  of 
the  peaks  in  the  spe.  ira, 

3.2.6  I  nknown  FVak  Series  at  m //.  210,  23S,  266 

i  ho  uloniiiy  ol  lho^o  po.iks  is  mcomplololy  unilorslood  and  vmII  require  arldilional  GC/MS  (and/or 
MS/MS  I  anal)  ses.  I  he  rel.iiive  ahundance  ol  this  peak  senes  appears  U)  correlate  positively  with  the 
relative  abundance  ol  alkyinaphthaicncs.  Perhaps  we  are  dealing  with  a  hydroaromatic  compound.  If  so, 
then  this  com[XHind  series  may  play  a  role  m  protecting  JP- 10  against  oxidative  phenomena. 

3.2.7  Miscellaneous  (  {impounds  (e.g..  silicone  oil) 

Fhese  are  especially  abundant  m  the  GC/MS  and  low  voltage  MS  rlala  in  Figures  6,  7  and  X  some 
iiiiscell.iiH’ous  travo  organic  comptinenis  i.an  be  tound  in  the  list  ol  GC/MS  peaks  m  Table  3. 

3.3  I  UK  AM)  P\K()I.V.SI.S  MS  AN  \l  \  SIS  OP  (il  M  ( OMPONKMS 

Sinse  ihe  low  soilage  in, is  ,  specira  in  Tieures  H  and  were  oblaiiKal  bs  heating  JP-lO  residues  to  610  C 
(he.iimg  rale  100  C/si  ilircslly  in  Ironi  ol  the  ion  siuirce.  ihese  specira  contain  low  volatile  JP-10  com¬ 
ponents  .1'  .sell  as  ihr  pvroKsis  piriHlucis  ol  loinpleiels  nonvolatile  resulues  such  ;is  gum.  However, 
IP  10  samples  whwh  are  within  s|x\iln..iiions  soniain  less  than  .SO  ppm  gum.  Therelorc.  rigorous 
e\.i[Hnaiion  ol  IP- 10  icNulues  can  help  lo  remove  low  volatile  organiv  residues  thus  obtaining  a  sample 
enrivhed  in  gum  vomponents.  An  es.iniple  ol  the.  trend  van  be  seen  b\  comparing  Figures  Oj  and  b 
Prolonged  evapor.iiion  ol  ihe  Cl)  i  lO  '  ,’,  onind  s,m.,/le  removes  most  ol  the  JP-10  sesquimers  but  leaves 
Ihe  dimer  sienal  mi.i,  :  i  hus.  jp  10  diineiv  .ippeai  to  represent  borvlerlme  components  ok  ihi'  gum 
Ira,  lion 

In  order  lo  obiain  a  nion  direu  nnpres  ion  ol  ih,  .onq'osiuon  aiul  n.iim,  ol  IP  pi  gnni  vvimpvrnents  a 
s.impie  ol  ihe  \  e.ible  enm  (  resin  .i  pie,  qm.ne  -.een  I'U  the  tne!  pump  aimaliire  li  leure  14)  during  one  ol 
lire  stale,  evirosur,  I,  .Is  perlormod  bv  An  For,,  ['ersiinnel  .a  Oil  C  was  dire..llv  an.ilv/ed  bv  FTIR  ,init 
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Curic-poml  pyrolysis  MS.  This  gum  sample  eonesporuls  to  luel  samples  S.l  (Table  I)  and,  thus,  should  be 
compared  to  the  LC  samples  in  b'igure  10.  The  ITIR  spectrum  in  Figure  15a  shows  the  residue  obtained 
by  room  temperature  evaporation  of  the  S3  sample.  It  undoubtedly  contains  some  JP-10,  since  it  was  not 
evaporated  to  dryness.  The  methylene  stretches  were  at  204K  and  2867  cm'^  identical  to  those  of  JP-10 
Itself.  A  carbonyl  absorittion  is  also  present,  at  1734  cm  *  and  probable  C-0  peaks  at  1253  and  1 181  cm' 
*.  No  pronounced  OH  peak  was  seen  m  this  spectrum  suggesung  ester  linkages  or  a  combination  of 
ketones  and  ethers.  A  small  peak  at  3030  cm  *  is  probable  evidence  of  unsaturation.  No  peaks  were  seen 

at  16(X)  and  1516  cm  *,  ruling  out  .significant  aromatic  functionalities.  An  olefinic  peak  at  1680-1660 
might  be  obscured  by  the  carbonyl.  In  contrast,  the  spectrum  of  the  visible  gum  coating  the  S3  glass 

container  (Figure  i5bj  shows  a  strong,  broad  hydroxy  (teak  at  3400-26(X)  cm'*,  a  carbonyl  at  1732  cm'* 
(shoulder  at  1768  cm'*(  and  two  C-O  peaks  at  1 172  and  1043  cm'*.  This  spectrum  is  consistent  with  a 
carboxylic  acid.  The  aliphatic  stretches  are  those  of  JP-10,  at  2948  and  2867  cm'*.  The  lack  of  methyl 
and  acyclic  methylene  stretches  in  both  of  these  spectra  make  it  likely  that  oxygen  functionalities  have 
been  incorporated  into  JP-10  molecules. 

The  Curie-point  pyrolysis  MS  pattern  of  the  visible  gum  in  Figure  lOb  supports  the  impression  that  we 
are  dealing  with  a  highly  functionali/cd. 


l  ouru-r  transform  infr.m’d  spectra  of  sample  S3  and  the  ftum  prenpitaie  from  S3 


(carbonyl,  hydroxyl)  JP-lO,  like  maierial.  Whether  this  gum  has  a  truly  covalently  bonded  polymeric 
structure  or,  rather,  should  be  regarded  as  a  hydrogen-bonded  gel-likc  maierial  cannot  be  decided  from 
these  observations  and  will  require  further  studies,  e.g.  using  quantitative  LC  techniques. 

3.4  STATIC  AND  DYNAMIC  EXPOSURE  TESTS  RESULTS 

The  static  test  .samples  were  surveyed  after  ca.  3  months  and  5  months  by  visually  observing  for  gross 
color  changes  and  by  direct  MS  analysis  of  residues  on  bare  wires.  None  of  the  .samples  in  closed  vials 
showed  significant  change  from  their  respective  starting  materials  during  storage  at  60-70°C  in  our  lab. 
This  includes  previously  weathered  samples  from  Air  Force  accelerated  aging  tests  and  the  control  D 
from  1977  which  both  had  high  oligomer  concentrations  when  wc  received  them;  their  impurities  showed 
no  obvious  change.  The  separate  static  test  of  our  control  A  fuel  in  a  flask  with  a  condenser  open  to  the 
air  also  showed  no  change  in  impurities  by  packed  column  GC  for  the  bulk  liquid  sample  after  2  months. 
However,  the  same  analysis  of  a  drop  of  the  condensate  abtrvc  the  flask  showed  a  strong  reduction  in  the 
aromatic  impurities,  thus  confirming  that  the  head  space  vapors  were  in  a  position  to  react  with  the  air 
without  the  protection  of  the  BHT  or  other  effective  antioxidants  though  no  such  reaction  products  were 
observed.  Finally,  the  one  60“C  static  lest  of  a  complete  armature  extraction  which  did  develop  an 
obvious  yellow  color  after  just  2  days  showed  no  obvious  difference  in  the  GC/MS  total  ion 
chromatogram  from  the  control  A  fuel  except  for  the  addition  of  several  alkane  and  phihalatc  related 
peaks. 


The  bulk  of  the  dynamic  test  fuels  w-ere  .stored  at  -9(FC  until  such  time  as  a  weathering  scheme  could  be 
developed.  Since  our  static  le.st  showed  virtually  no  changes  other  than  simple  extraction  cl  feels,  these 
samples  are  still  prc.sent  in  the  freezer.  Small  6-8  mL  aliquots  of  each  of  these  as  well  as  one  half  of  one 
of  first  dynamic  test  fuels  have  been  stored  in  the  ambient  lab  environment  without  detectable  change 
aside  from  the  settling  out  of  fine  copper  particles  in  the  first  few  days.  GC/MS  analysis  of  one  ol  ihc.se 
samples  also  showed  no  apparent  change  in  the  total  ion  chromatogram  of  the  starting  maierial  (our 
control  A)  except  for  slightly  increased  alkane  and  phlhalaie  peaks  .similar  to  the  above  mentioned 
extraction  experiment. 


SECTION  4.0 
CONCLUSIONS 


4.1  CHE.MICAL  COMPOSITIONAL  CHANGES 

Fresh  JP-10  control  samples  from  different  batches  contain  4  bulk  components  (JP-IO  exo-  and 
endo-isomcrs.  nng-oiiened  JP-10  and  adamanlane-like  JP-10)  as  well  as  hundreds  of  trace  components. 
Trace  components  can  be  divided  into:  (a)  alkylsubsiituted  aromatic  hydrocarbtms  (benzenes, 
naphthalenes,  biphenyls,  nuorenc);  (b)  JP-10  homologs,  analogs  and  oligomers;  (c)  long  chain  paraflins; 
(d)  additives  'e.g.,  dibutylhydroxy  toluene  antioxidant);  (c)  dioctylphihalaie;  (0  unknown 
(hydroaromaiic?)  peak  series  at  m/z  266,  238,  210;  and  (g)  miscellaneous  trace  compounds.Considerahle 
vanatio.i  exists  between  the  compositions  of  the  ir.ice  organic  compound  fractions  of  different  rp. l() 
batches.  Fresh  JP-10  samples  show  at  least  3  different  aromatic  hydrocarbon  patterns,  whereas  weathered 
samples  tend  to  show  significant  quantities  of  JP-10  oligomers  Cc.squimers  and  dimers)  combined  with 
diminished  abundances  of  aromatic  hyduxarbons,  BHT  antioxidaui.  ai  d  an  unknown  compound  series  at 
m/z  266,  238  and  210. 

Tv'o  discolored  (vellow )  field  samples  o*  JP-10  submitted  by  the  Air  Force  were  found  to  have  increased 
levels  of  paraflinic  hydrixarbons  up  to  C20  presumably  derived  from  oil  and  grease  in  fuel  pumps  or 
other  fuel  distribution  systems.  .Similar  discolorations  were  observed  when  rinsing  new  fuel  pumps  with 
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JP-IO,  Moreover,  the  unusually  high  levels  of  paraffins  may  have  been  responsible  for  the  JFTOT  failure 
o!  one  of  ihc  samples  (labelled  "ALS  ").  Increased  gum  content  noted  in  the  other  sample  (labeled  "V39  ”) 
appears  to  correlate  with  the  presence  of  significant  quantities  of  DOP  (dioctyl  phthalate)  as  well  as 
increased  JP-10  oligomer  levels. 

Some  JP-10  samples  (derived  from  a  single  batch)  exhibited  severe  resin  formation  tendencies  when 
exposed  to  different  fuel  pump  components  (whole  armature  and  fish  paper)  at  60°C  for  periods  up  to  two 
months  in  an  Air  Force  laboratory.  LC/MS  analysis  of  the  supernatant  indicated  the  formation  of  m^'' -,d 
quantities  of  hydroxy-  and/or  keto-subslituted  analogs  of  JP-iO  and  its  oligomers.  When  exposed  to  a 
relatively  inert  polyimide  rod  under  the  .same  conditions  for  1  month  the  concentration  of  oxygen  sub¬ 
stituted  JP-10  analogs  was  found  to  be  much  lower.  However,  .significant  oligomer  formation  was  still 
observed.  FTIR  and  pyrolysis  MS  analysis  of  the  resin  fraction  formed  during  JP-IO  exposure  to  a  fuel 
pump  armature  indicated  a  polymeric  structure,  probably  involving  oxidized  (carbonyl  and 
hydroxy  substituted)  JP-10  building  blocks.  Attempts  to  reproduce  these  phenomena  m  our  laboratory 
using  a  different  JP-10  batch  failed.  This  JP-10  batch  contained  higher  levels  of  alkyinaphthalenes  and 
(possible)  hydroaromalic  compound  scries  which  may  have  had  a  protective  effect  against  oxidation.  In 
addition  however,  all  samples  produced  in  the  Air  Force  experiments  were  found  by  low  voltage  MS  to 
coniitin  some  DOP  (dioctylphthalatc)  which  might  have  promoted  the  observed  resin  formation. 

The  formation  of  marked  quantities  of  JP-IO  oligomers  (sesquimers  and  dimers)  in  a  naturally  weathered 
JP-10  batch  produced  m  1977  would  seem  to  warn  against  prolonged  (e.g.,  >10  years)  JP-10  storage. 
Moreover,  at  higher  temperatures  (e.g.,  6(PC)  similar  oligomerization  processes  have  been  observed  to 
Uike  place  within  a  few  months.  Although  several  JP-10  samples  with  relatively  high  oligomer  content 
still  were  found  to  be  within  specification  (e.g.,  with  regard  to  gum  content),  the  ob.scrved 
oligtimeri/aiion  prexesses  may  well  lead  to  eventual  polymerization. The  '•esinous  gum  precipitate 
observed  in  the  static  exposure  tests  performed  by  the  Air  Force  was  found  to  consist  of  a  highly 
lunctionali/ed  (carbonyl  -i-  hydroxyl  groups)  JP-10  like  material.  Whether  this  gum  represents  a  truly 
ixilymcric  material  or  a  gel  consisting  of  hydrogen  bonded  low  MW  components  could  not  be  determined 
from  the  available  data.Oligomcri/.aiion  products  observed  in  naturally  aged  ("weathered")  JP-10  samples 
kept  at  ambient  temperature  since  1977  should  be  investigated  in  order  to  determine  the  likelihood  of 
further  polymerization,  as  well  as  to  determine  the  effect  of  various  possible  chemical  inhibitors. 

A  more  detailed  .set  of  specifications  should  be  developed  in  order  to  control  the  composition  of  bulk 
components  as  well  a*;  trace  organic  components  in  JP-IO.  Development  of  reliable  specifications  will 
require  a  better  understanding  of  the  stability  of  the  various  JP-10  bulk  and  trace  components  under  a 
variety  of  different  conditions  (temperature,  oxygen,  W  ,  moisture,  catalytic  surfaces)  as  well  as  of  their 
[Xissible  roles  m  promoting  or  inhibiting  oxidation  and  polymerization  processes  in  JP-10  fuel. Care 
should  be  taken  to  avoid  contamination  with  paraffinic  hydrtxarbons  as  well  as  phihalatcs  during  all 
stages  ol  transporuition,  distribution  and  storage  of  JP-IO  fuels. 

Until  the  above  proposed  investigations  have  been  undertaken  and  completed  any  JP-10  batches 
undergoing  long  lerm  storage  should  be  monitored  on  a  regular  (e.g..  yearly)  basis  using  suitable 
chromatographic  and  spectroscopic  techniques.  Samples  stored  at  above-ambient  temperature  or  pressure 
conditions  should  preferably  be  monitored  on  a  semi-annual  or  quarterly  basis.Frcsh  aliquots  of  newly 
prixiuced  JP-IO  batches  leaving  the  refinery  should  be  analyzed  by  suitable  chromatographic  and 
spectroscopic  meihtKls  m  order  to  monitor  (luciualions  in  the  composition  of  bulk  and  trace  components. 
The  remainder  of  these  aliquots  should  be  stored  at  low  temperatures  under  inert  atmospheric  conditions 
lor  future  reference  purposes,  until  the  recently  observed  stability  problems  have  been  more  fully 
investigated  and  explained. 

4.2  SI  SPEC  TF.O  f  AI  SK  OF  FIELD  PROBLEM 

Contamination  with  oils  and  greases  from  fuel  distribution  systems  appeais  to  be  the  primary  cause  of  the 
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yellow  discoloration  of  JP-IO  reported  during  pumping  operation.  The  increased  levels  of  paraffinic 
hydrocarbons,  noted  in  the  discolored  samples,  were  presumably  derived  from  oil  and  grease  in  fuel 
pumps.  Although  completely  saturated  paraffins  tend  to  be  quite  stable  at  higher  temperatures,  occasional 
branching,  unsaturated  bonds  and/or  oxygen  substitutions  arc  likely  to  cause  thermal  degradation  as 
measured  by  the  Jet  Fuel  Thermal  Oxidation  Tester  (JFTOT).  These  conditions  are  suspected  to  have 
contributed  to  the  JFTOT  failure  of  one  of  the  discolored  JP-10  samples.  Increased  gum  content  appears 
to  correlate  with  the  presence  of  significant  quantities  of  DOP  (dioctyl  phthalate)  as  well  as  increased 
IP-lO  oligomer  levels.  Resin  formation  in  some  weathered  JP-10  samples,  when  exposed  to  specific  luci 
pump  components,  are  suspected  to  be  a  result  of  the  formation  of  significant  amounts  of  hydroxy  or  keto 
substituted  analogs  of  JP-10  and  its  oligomers. 
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EVALUATION  OF  PARTICULATE  MATTER 


Period  of  performance 
September  1987 
Reference 

Task  Order  No.  12,  Topical  Report  No.  8,  FR  19032-6,  September  1987,  Marc  Rippen 

Abstract 

Particulate  matter  collected  from  field  components  experiencing  problem.s  was  identified  using  an 
electron  scanning  microscope,  X-ray  energy  spectroscopy  techniques,  and  direct  insertion  probe  mass 
spectroscopy. 


SECTION  I.O 
INTRODUCTION 

Four  samples  of  particulate  matter  were  submitted  by  the  Fuels  Branch  of  the  Air  Force  Wright 
Aeronautical  Laboratories  (AFWAL/POSF)  for  composition  analysis.  Other  than  the  fact  that  the 
paniculate  was  collected  from  fuel  in  a  fuel  control  system,  no  information  was  available  regarding  the 
fuel  type,  the  system  type  of  materials,  or  the  hi.story  of  the  sample.  The  information  supplied  with  each 
sample,  along  with  Codes  assigned  by  Pratt  &  Whitney,  arc  as  follows; 


P&w  Code 

AFWAL/POSF  Sample  Nomenclature 

Sample  A: 

7/1/87  SN-()()14  Inlet  Filter 

Sample  8: 

7/2/87  SN-()0I4  From  Filters  &  Orifice  Packs 

Sample  C; 

7/1/87  SN-00 14  System  A-63 

Sample  D: 

7/20/87  SN -062040  S/B  Control 

Sample  E: 

Blank  Filter  (Millipore  MF  type-mixed  Ester  of  Cellulose) 

SECTION  2.0 

EXPERIMENTAL 

All  samples  were  received  as  residue  on  47-mm  Millipore  MF-type  filters  (mixed  ester  of  cellulose). 
Each  sample  was  visually  examined  and  the  observations  documented.  An  ETEC  Autoscan  Scanning 
Electron  Microscope  was  used  to  examine  each  sample  for  its  elemental  contents  using  X-ray  Energy 
Spectroscopy  techniques  (XES).  XES  is  a  rapid,  simultaneous  method  of  conducting  elemental  analysis 
of  materials  with  elements  of  atomic  masses  down  to  sodium.  It  utilizes  an  electron  energy  beam  to 
excite  surface  atom  electrons  from  their  ground  states  to  higher  transient  energy  states.  When  these 
electrons  drop  back  to  their  ground  state,  photons  in  the  x-ray  energy  band  arc  emitted.  The  wavelengths 
ol  the  photons  emitted  arc  characteristic  ol  the  element  analyzed.  The  XES  detector  (typically  a  lithium 
drifted  silicon  detector)  acts  to  measure  the  x-ray  photons  emitted  by  the  .sample  as  a  function  of  their 
energy.  As  the  detector  counts  the  number  of  photons  of  different  energies,  a  computer  integrates  these 
and  then  generates  an  XES  spectrum  with  intensity  as  the  Y  axis  and  energy  or  wavelength  as  the  X  axis. 
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The  relative  intensities  observed  at  the  elemental  wavelengths  provide  for  a  direct  measurement  of  the 
relative  quantities  of  the  elements  observed  in  the  sample  analyzed. 


Direct  Insertion  Probe  Mass  Spectroscopy  (DIP-MS)  was  utilized  for  analysis  of  some  of  the  samples. 
This  work  was  conducted  on  a  Hewlett  Packard  Model  5995C  Quadrapole  Mass  Spectrometer  equipped 
with  a  Gas  Chromatograph  (GC)  and  a  DIP  interface.  Samples  were  collected  into  capillary  tubes  and 
then  placed  into  the  DIP  for  analysis.  The  following  experimental  parameters  were  utilized. 

DIP  Temperature  Program: 

Initial  Time: 

Initial  Temperature: 

Temperature  Increase  Rate: 

Final  Temperature: 

Final  Time; 

Total  Run  Time: 

Mass  Spectrometer  Parameters: 

Mass  Analyzer  Temperature:  220^C 

Ion  Source  Temperature:  220°C 

Electron  Impact  Source  Beam  Energy;  70  eV 

Ma.sses  Scanned:  17  amu  to  550  amu  at  0.84  scans/second 

Scan  Threshold:  20 

The  NBS  Data  Base  was  utilized  for  identification  through  the  standard  Hewlett  Packard  ten  major  mass 
peak  computer  search  algorithm. 

Samples  were  also  analyzed  by  Fourier  Transform  Infrared  (FTIR)  spectrometry  on  an  IBM  series  98 
FTIR  system.  Samples  were  prepared  in  KBr  pellets  and  their  absorbance  spectra  recorded  from 
4(XX)-500  cm  '.  A  Sadtler  Research  Laboratories  data  base  was  utilized  for  component  identification 
searches. 


0  minutes 
50°C 

30°C/minute 
300X 
5  minutes 
4  minutes 


SFXTION  3.0 
DISCUSSION 


Sample  A 

Sample  A  consisted  of  a  thin  layer  of  gray  material  with  small  finely  dispersed  shiny  particles.  XES 
analysis  revealed  four  material  types; 

Type  I 

Type  1  was  a  3(X)  series  stainless  steel,  defined  by  the  Fe,  Cr,  Ni  peaks  in  the  "overall"  XES  spectra. 

Type  3 

T ype  3  was  a  material  composed  of  Sn  and  som^  Pb. 
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Type  4 


Type  4  was  composed  of  A1  with  traces  of  Si,  S,  Fe  and  Cu.  No  DIP/MS  analysis  of  Sample  A  was 
conducted  for  lack  of  adequate  amounts  of  sample.  FTIR  analysis  was  conducted.  A  manual  search  was 
conducted  using  the  Standard  Infrared  Spectra  Collection  from  Sadtler  Research  Laboratories.  No  match 
was  found.  This  was  probably  due  to  the  fact  that  the  sample  was  a  mixture  of  several  organic  materials. 
The  bands  m  the  3500  cm  ’  region  indicate  possible  O-H  stretching  and  N-H  stretching.  Those  in  the 
2900  cm  ’  region  are  probably  due  to  C-H  suetching.  In  the  1600  cm  region  there  is  evidence  of  N-H 
deformation  while  in  the  1400  cm  '  there  may  be  C-H  deformation.  The  1037  cm  ’  peak  is  possibly  due 
to  Si-0  suetching.  Looking  at  this  specuum  one  would  suspect  that  phenols,  amines,  aliphatic 
hydrocarbons  and  possibly  some  silicates  moieties  could  be  present. 


Sample  B 

There  was  a  large  amount  of  particulate  residue  present  in  this  sample.  It  appeared  gray  with  patches  of 
brownish-red.  XES  of  this  sample  showed  its  composition  to  be  primarily  Pb  with  uaces  of  Si,  Al,  Sn,  Fc 
and  Cu.  When  the  sample  was  run  with  the  DIP/MS  nothing  was  evolved  until  the  probe  passed  200^C. 
A  DIP  total  ion  profile  was  generated.  Three  areas  seemed  to  be  differentiated  in  this  profile.  Average 
specua  were  taken  with  background  interference.  The  first  area  averaged  showed  a  typical  aliphatic 
hydrocarbon  spectrum  with  correlation  to  NBS  reference  library  components  such  as  nonane  at  97%.  The 
specUum  is  obviously  not  of  a  pure  component  but  is  typical  of  aliphatic  profile.  The  second  average 
generated  a  specuum  which  was  similar  to  that  expected  for  amines  or  possibly  phenols  (92%),  plus  other 
les.ser  components.  No  positive  identification  was  possibb  due  to  the  number  of  components  in  the 
sample. 

FTIR  analysis  of  the  .sample  yields  a  similar  specuum  to  that  of  the  first  one.  O-H  and  N-H  suetching  is 
evident  in  the  peak  in  the  3500  cm  '  in  region.  C-H  suetching  can  be  already  seen  in  the  2900  cm  ' 
region.  N-H  deformation  appears  in  the  1600  cm  '  region.  This  sample  appears  to  consist  of  amines, 
phenols  and  aliphatic  hydrocarbons,  A  manual  specual  search  was  inconclusive  due  to  the  presence  of 
several  components. 

Sample  C 


This  sample  consisted  of  brownish-red  crystals.  XES  analysis  of  this  sample  showed  high  Pb  w'ith  Si,  Al, 
Ca,  Fc  and  Cu  uaces.  Organic  components  appicarcd  to  be  present  as  indicated  by  the  high  background. 
DlP/MS  produced  the  same  spectrum  as  that  of  Sample  B.  FTIR  Analysis  also  produced  a  specuum 
similar  to  that  of  Sample  B. 

Sample  D 


This  sample  appeared  to  be  full  of  sand,  dirt,  fibers,  and  shiny  particles,  XES  showed  presence  of  low 
alloy  steel  plus  Al,  Si,  S,  Cl,  K,  Ca  and  Cu.  DIP/MS  showed  mostly  water  with  some  evidence  of 
hydrocarbons  with  very  mixed  ma.ss  specua,  FTIR  analysis  showed  the  same  general  spccUum  as  .seen  in 
the  three  previous  specUa. 
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SFX'TION  4.0 


(ONCLUSION 

The  hulk  ol  ihc  debris  in  the  fillraies  supplied  arc  inorganic.  The  organic  ccrmponenls  present  in  these 
samples  seemed  to  be  ol  the  same  chemical  makeup.  DIP/MS  and  FTIR  indicated  the  possible  presence 
ol  amines,  phenols  anil  aliphatic  hydriKarbons  which  could  not  be  positively  identilied  due  to  number 
and  types  of  components  present  in  the  material.  Samples  B  and  C  were  unusual  because  they  showed  a 
high  amount  of  Pb  in  their  particles.  As  there  is  little  known  of  the  origin  ol  these  samples,  no  [possible 
explanations  can  he  made  of  their  nature  or  origin  ol  the  materials  observed. 


EVALUATION  OF  THE  SHELL  PREMIXED  BURNER 


Period  of  Performance 

22  March  1989  through  22  March  1990 

Reference 

Task  Order  No.  16,  Topical  Report  No.  14,  FR  19032-14,  May  1990,  Tedd  Biddle 

Abstract 

The  Shell  Premixed  Burner,  developed  by  Shell  Thornton  Research  Center,  has  been  presented  as  a  novel 
approach  for  discriminating  between  fuels  of  varying  quality  based  on  their  burning  characteristics.  The 
Shell  Premixed  Burner  is  based  on  the  concept  that  a  vaporized  fuel  sample  added  at  a  controlled  flow 
rate  to  the  methane/air  supply  of  a  Bunsen-type  flame  will  reduce  the  air/fuel  ratio.  As  the  fuel  supply  is 
increased  and  the  air/fuel  ratio  decreases,  the  sooting  point  is  reached.  The  rate  of  flow  is  a  direct 
correlation  to  the  combustion  quality  of  the  fuel.  Based  cn  Shell  Thornton's  preliminary  results,  a 
cooperative  effort  was  initiated  among  several  independent  laboratories  to  evaluate  proof-of-concept. 
The  laboratories  participating  in  this  effort  were  unable  to  reproduce  Shell  Thornton’s  results.  It  was 
concluded  that  At  its  current  stage  of  development,  the  Shell  Premixed  Burner  requires  considerable 
development  work  to  resolve  problems  associated  with  both  the  test  equipment  and  the  test  procedure. 
Efforts  should  be  directed  at  improving  fuel  atomization,  detecting  changes  in  flame  illumination,  and 
addressing  high  volatility  fuels. 


SFXTION  1.0 
INTRODUCTION 


1  he  Shell  Prcmixcd  Burner,  developed  by  Shell  Thornton  Research  Center,  has  been  pre.sented  as  a  novc' 
approach  for  discriminating  between  fuels  of  varying  quality  based  on  their  burning  characteristics. 
Comparisons  by  Shell  Thornton  with  full-scale  combustor  tests  indicated  that  the  technique  provided  a 
better  correlation  and  more  realistic  index  of  combustion  quality  than  smoke  point  or  hydrogen  content. 
Shell's  preliminary  results  indicated  that  the  prcmixcd  burner  was  able  to  discriminate  between  fuels  in  a 
qualitative  or  ranking-order  fashion. 

Based  on  Shell  Thorntons  preliminary  results,  a  cooperative  effort  was  initiated  among  .several 
independent  laboratories  to  evaluate  prix)f-of-concept.  The  laboratories  participating  in  this  effort 
included  Rolls  Royce,  the  Naval  Research  Laboratory  (NRL),  and  Pratt  &  Whitney  (P&W).  P&W's 
effort  was  performed  under  the  au.spices  of  T.O.  No.  16.  The  technical  effort  described  in  the  following 
sections  was  directed  at  the  following  objectives:  1.)  Set  up  and  evaluate  the  Shell  Prcmixcd  Burner;  2.) 
reproduce  data  set  previously  generated  by  Shell;  3.)  identify  system  strengths  and  limitations;  4.) 
determine  potential  for  further  development;  and  5.)  generate  a  data  base  for  elucidating  the  relationship 
between  chemical  composition  and  the  prcmixcd  burner  number. 
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SFt  I  ION  2.0 


EXPERIMENTAL 


The  Shell  Premixecl  Burner  is  based  on  the  eoncepi  ihai  a  vapori/ed  luel  sample  added  ai  a  eonirollcd 
How  rale  to  ihe  methane/air  supply  ol  a  Bunsen-iype  flame  will  reduce  Ihe  air/(uel  ratio.  As  the  luel 
supply  IS  increased  and  the  air/hicl  ratio  decreases,  the  srHUing  point  is  reached.  The  rale  ol  How  is  a 
direct  correlation  to  the  combustion  quality  of  the  fuel.  Luminosity  at  the  sooting  point  is  measured 
using  a  phoiodelcctor  which  permits  comparisons  between  samples  that  could  not  be  achieved  \  isually. 

I  he  .siHiimg  point  was  established  as  the  change  in  luminosity  of  the  meihane/air  llame  when  Shellsol  T 
IS  adrlcd  at  a  How  rale  of  10  gram.s/hour  (g/hr)  (0..S  g/lSO  seconds).  Shellsol  T  is  a  proprietary  solvent 
that  is  almost  exclusively  a  mixture  ol  dodecane  isomers.  The  Premixed  Burner  Number  (PMBN)  is  the 
number  of  seconds  required  to  inject  ()..S  g  of  the  fuel  sample  into  the  meihane/air  flame  at  a  rate  which 
pnxluces  the  same  change  in  luminosity  as  the  Shellsol  T. 

The  Shell  Premixed  Burner  was  set  up  using  equipment  that  met  the  specifications  given  in  Shell  report 
No.  TNLR.S7.(K)7  and  subsequent  updates.  The  Premixed  Burner  configuration  is  shown  in  Figure  1. 
The  premixed  burner  assembly,  i.e.,  burner  globe,  mixing  chamber  and  injector  capillary  glassware,  and 
fiber  optic  light  guide  were  supplied  by  Shell  Thornton.  Blending  of  the  methane  and  air  lor  the  flame 
was  accomplished  using  a  Malheson  Modular  Dyna-Blender  Model  H2l().  Sample  was  supplied  to  the 
system  with  a  Sage  Mrxlel  ,)41A  syringe  pump.  The  hot  plate  lor  healing  the  mixing  chamber  was  a 
Barnstead/T'hermoly  ne  Ciniarec  2.  Two  different  phoiodeieciors  were  used  during  the  course  ol  the 
investigation  to  convert  the  luminous  output  to  a  measurable  current.  A  Meiiler  PC22()  balance  was  used 
•or  weighing  the  sample.  A  Hewlett  Packard  71.42A  Recorder  was  used  lor  recording  the  output  Irom  the 
phoiodeteclor. 

Ihe  Malheson  Modular  Dyna-Blender  Model  8210  was  capable  of  maintaining  the  required  meihane/air 
sujiply  to  the  burner  a(  .TO  +/-  0.2  liier/minuie  with  the  methane  concentration  at  14. S  -<■/■  1.0  volume 
IXTceni.  The  C'miarec  2  hot  plate  was  one  of  the  few  hot  plates  commercially  available  that  could 
maintain  the  .“^IMI  C'  (‘>42  F)  temperature  needed  to  vapori/e  the  .■.ample  being  injected.  The  two 
phoiixleteclors  used  were  an  OSD  50-5  and  an  OSD  50-t  available  through  Centronic,  Inc.  The  OSD  .40- 
4  detector  has  a  range  from  400  to  1()(M)  nanometers  (nm).  The  OSD  50-t  has  a  range  ol  4(X)  to  7(K)  nm 
aiul  IS  designed  lor  use  where  a  response  is  required  that  approximates  the  human  eye.  The  premixed 
burner  assembly  was  enclosed  in  a  box  to  eliminate  as  much  background  light  as  prrssible.  An  exhaust 
vent  was  provuled  to  the  hole  in  the  top  of  the  box  to  create  enough  How  to  remove  combustion  gasses 
without  causing  a  turbulence  which  would  affect  the  llame. 

Alignment  of  the  light  guide  was  one  of  the  most  critical  elements  to  producing  mcaninglul  data.  The 
light  guiile  was  positioned  perpendicular  to  the  llame  by  way  ol  a  side  arm,  or  sleeve,  incorporated  into 
the  globe  structure  However,  fixed  reproducible  positioning  ol  the  light  guide  between  runs  was  not 
possible  due  to  l(K)se  tolerances  in  ihc  design  of  ihc  side  arm.  Carelu)  adjustment  ol  the  light  guide  was 
necessary  to  ensure  that  readings  were  from  the  portion  of  the  flame  most  aflecicd  when  sample  was 
inlrixiuced  into  the  system.  It  wtiuld  even  be  possible  to  be  Uxiking  above  the  llame.  Since  it  was 
necessary  to  determine  the  amplitude  ol  the  trace  prrxiuced  at  the  recorder,  any  condition  causing 
fluctuations  had  to  be  eliminated  or  minimi/ed.  Areas  of  concern  included  pulses  caused  by  the  pump, 
air  bubbles  m  the  sample  injection  tube,  bubbles  produce  in  the  injection  tube  by  volalili/.aiion  ol  the 
ample,  and  noise  inherent  in  the  optics  and  electronics. 

In  preparation  lor  running  samples,  the  vajxrri/alion  chamber  was  healed  to  5(K)  C  (9.12'  F)  The  air  How 
through  Ihe  Dyna-Blender  and  glassware  wac  initiated  when  the  hot  plate  was  turned  on  to  prevent 
distortions  in  Ihe  glassware  due  to  overheating.  When  the  temperature  approached  50(FC  (9,12  F),  the 
methane  How  was  started  and  the  burner  lit.  The  recorder  was  then  turned  on  and  adjusted  to  establish  a 
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baseline  oi-  zero  reading.  Subsexjueni  to  tilling  the  ^yiinge  'vi'.h  the  Shellsol  T  reference  fluid,  the  syringe 
pump  \>'as  turned  on  and  the  flow  to  the  burner  adjusted  to  deliver  0.5  grams  (g)  per  180  seconds.  Flow 
was  Uiscontinued  when  a  stable  strip  chart  trace  was  achieved.  The  system  was  purged  of  the  Shellsol  T, 
P'lsed  wiiri  hexane,  and  air  dried.  The  test  :>amplc  was  liiei.  ..lut-Kiuced  via  the  syringe  pump.  Flow  of 
the  test  sample  was  begun  and  adjusted  unf.  'he  amplitude  of  the  face  prcxluced  was  the  same  as  that 
produced  with  Shellsol  T.  The  time  in  seconds  required  to  deliver  0.5  g  of  sample  to  the  burner  was 
calculated  and  reported  as  the  PMBN. 

Ten  fuel  samples  were  received  from  Shell  Thornton  Research  Center  for  use  in  evaluating  Premixed 
Burner  proof-of-concept.  Smoke  point,  hydrogen,  aromatic  and  naphihaleie  content  for  these  fuels  were 
generated  by  Shell  Thornton  and  are  shown  in  Table  1.  Aliquots  of  these  sa.mples  were  forwarded  to 
WRDC  and  the  Air  Force  Academy  as  requested  by  the  Air  Force  Project  Scientist.  In  addition,  ten 
pseudo  fuels  formulated  by  WRDC  ^ere  received  for  evaluation  using  the  Shell  Premixed  Burner. 


ri^urc  I .  Shell  f’rc/nxed  burner 
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TABLE  1. 

SHELL  THORNTON  PREMIXED  BURNER  TEST  FUELS 

Fuel  Sample 

IP  Smoke 
Point 

r-  —  - 1 

Hydrogen 

Content 

Aromatic 

Content 

Naphthalene 

Content 

(mm) 

(%W) 

(%v) 

(%v) 

Shcllsol  T 

45 

15.17 

<1 

0 

HC2  (1) 

28 

14.08 

12.6 

0.40 

HT3  (2) 

26 

13.95 

16.4 

0.87 

JET  A-1 

24 

13.80 

19.0 

3.00 

AVC.4T 

23 

13.80 

19.0 

2.02 

HIGH  NAPH  KERO 

22 

13.62 

20.5 

5.02 

HC27  (1) 

2? 

13.49 

15.4 

0.40 

NORTH  SEA  MGO 

19 

13.48 

23.9 

8.05 

HC29  (1) 

16 

12  99 

29.7 

2.41 

ERBS2  (31 

14 

12.85 

27.6 

11.76 

Note:  1 1 )  Hydrocracked  Kerosme 

(2)  hydrotreated  Kero  ,ine 

(3)  NASA  Expenmentai  Referee  Broad  Specification  Fuel 

SFXTION  3.0 

RESULTS  AND  DISCUSSION 


Preliminary  lest  runs  resulted  in  erratic  strip  chart  recorder  traces.  Responses  were  inicrmilienily  very 
high  and  very  low,  which  made  it  difficult  to  establish  sooting  point.  Examination  of  the  fuel  injection 
segment  of  the  glassware  revealed  that  fuel  droplets  were  forming  on  the  end  of  the  fuel  injection 
capillary.  The  droplets  would  then  fall  onto  the  bottom  of  the  vaporization  chamber  where  they  were 
volatilized  rather  than  undergoing  the  continual  atomizing  action  intended.  Upon  disassembly,  it  was 
determined  that  the  inner  fuel  injection  capillary  was  warped  and  touched  the  wall  of  the  gas  delivery 
tube.  Shell  Thornton  was  consulted  and  agreed  to  send  an  injector  tube  that  was  correctly  fabricated. 
Repeatability  problems  and  erratic  traces,  however,  persisted  even  after  installation  of  the  new  injector 
lube. 

Since  NRL  was  also  having  difficulties  obtaining  meaningful,  repeatable  data.  Shell  Thornton  was 
contacted  for  direct  technical  assistance.  Peter  Wolveridge  acting  on  behalf  of  Shell  Thornton  Research 
management  graciously  volunteered  to  send  a  technical  representative  to  assist  both  NRL  and  P&W. 
Richard  Hems  of  Shell  Thornton  visited  NRL  and  spent  one  week  working  with  their  system.  Don  Yost 
of  P&W  visited  NRL  for  the  last  two  days  of  that  week  to  observe  the  NRL  system  and  procedures  and  to 
di.scuss  problems  they  were  experiencing. 


Richard  Hems  spent  the  first  three  days  of  the  following  week  at  P&W.  Based  on  his  experience,  the 
light  guide  was  realigned  and  several  changes  were  made  to  the  system  and  test  procedure.  Although  the 
methane/air  flow  rale  had  been  predetermined  by  Shell  after  the  glassware  was  fabricated,  it  was  found 
that  additional  adjustments  were  required  based  on  a  visual  check  of  the  flame  geometry.  The  light 
guide,  which  fits  into  the  side  arm  of  the  burner  globe,  was  realigned  so  that  the  lip  of  the  light  guide 
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cxicnded  lo  Ihc  plane  ol  ihe  globe.  The  gla,sswarc,  including  the  vapon/aiion  chamber,  U)wer  stem  anti 
some  of  the  upper  stem,  was  covered  w-iih  insulating  material.  This  was  done  to  mmimi/e  condensing  or 
coking  out  of  the  vapori/ed  fuel  on  the  glassware  before  reaching  the  burner.  The  insulating  material 
was  kept  away  from  the  secondary  air  entrainment  ports  so  as  to  not  restrict  the  supply  of  air  to  the  llanie. 

A  Simplex  mim-pump  and  pulse  damper  had  been  procured  from  LDC  Milton  Roy  lo  supply  sample  lo 
the  system.  The  required  sample  How  could  not  be  maintained  pulse  free  using  the  pump  ami  pulse 
damper.  In  addition  to  the  pulsating  How,  changing  lo  a  different  sample  proved  to  be  a  problem  as  ii 
was  diflicult  to  determine  if  the  pump,  pulse  damper  and  lines  had  been  cleared  of  the  previous  sample 
before  collecting  data  on  a  new  sample.  Use  of  a  Sage  Model  .f4l  A  syringe  pump  with  a  .SO  milliliters 
(mL)  syringe  resolved  both  problems.  A  continuous,  nonpulsing,  llow'  was  attained  using  ihi- 
syrmge/pump  in  a  spill  return  mode.  The  syringe  was  used  to  clear  the  lines  and  then  cleaned  before 
adding  a  new  .sample.  Valves  were  added  to  the  fuel  delivery  system  tubing  that  could  be  used  to  reduce 
or  eliminate  fuel  llow  to  the  burner  when  required.  A  resistor  and  capacitor  were  added  to  the  recorder 
input  to  dampen  out  the  signal  enough  that  the  trace  could  be  read.  Subsequent  to  implementing  these 
rclinements  to  the  system,  the  unit  was  checked  out  using  Shellsol  T  reference  fluid.  Fuel  testing  was 
then  initiated. 

After  successfully  determining  PMBN's  on  the  nine  fuel  samples  supplied  b>  Shell,  the  burner  was 
dismantled  due  to  the  formation  of  coke  on  the  upper  stem  and  areas  around  the  .secondary  air 
entrainment  ports.  The  coke  wa:  '^emoved  from  the  upper  stem  and  gas  mixing  baffle  by  heating  in  a 
muffle  furnace  at  570  C  (1058'F)  for  several  hours  and  then  slowly  returning  to  room  temperature.  The 
system  was  then  reassembled  to  its  original  configuration. 

An  attempt  was  made  to  determine  the  PMBN  of  ten  pseudo  fuels  supplied  by  WRDC'.  The  volatility  of 
components  used  for  these  fuel  blends  precluded  analysis  u.sing  the  Shell  Premixed  Burner  as  bubbles 
formed  in  the  injection  tube.  The  momentary  interruption  of  fuel  being  injected  into  the  va|X)ri/ation 
chamber  was  recorded  as  a  dctlcciion  toward  the  baseline.  The  hot  plaie/vapori/alion  chamber 
temperature  was  reduced  from  SQO'C  to  35(FC  (9.32' F  to  662-F)  in  an  effort  to  prevent  premature 
volatili/aiion.  This  approach  w'as  unsuccessful  as  bubbles  continued  lo  form  m  the  fuel  injection 
capillary.  Lower  hot  plaie/vapori/ation  chamber  temperatures  were  not  attempied  because  of  the  high 
probability  of  tucl  constituents  condensing  out  before  reaching  the  burner.  This  was  especially  a  concern 
for  the  Shellsol  T.  After  making  runs  at  the  reduced  temperature,  coke  had  again  formed  on  the  upper 
stem  and  areas  around  the  secondary  air  entrainment  ports.  The  Premixed  Burner  glassware  was  again 
dismantled,  the  coke  removed  by  heating  to  57()  'C  (1058  F),  and  reassembled. 

The  ten  fuel  samples  supplied  by  Shell  wore  tested  a  second  time  to  establish  repeatabilit)  of  the  lest. 
The  initial  traces  produced  were  so  erratic  that  comparison  of  the  test  samples  (change  in  luniinosii> )  to 
the  .sooting  point  established  for  the  Shellsol  T  reference  lluid  was  difficult  and  extremely  subjective.  A 
number  of  possible  causes  were  investigated  to  determine  why  the  traces  were  so  different  from  the  first 
set  ol  results.  Alignment  of  the  light  guide,  leaks  m  the  fuel  supply,  a  possible  change  in  the  hot 
plaie/vapori/alion  chamber  temperature,  and  numerous  other  variables  were  scrulini/.ed.  As  a  last  resort, 
the  phoiodetecior  was  changed  from  the  OSD  50-5  to  the  OSD  50-E  eye  response  detector.  The  traces 
produced  using  the  OSD-5()E  eye  response  detector  resulted  m  considerably  less  ntiisc,  but  a 
proportionate  decrease  m  the  amplitude  of  the  trace  was  also  realized.  Attempts  to  obtain  a  traces  with 
greater  ampliiiule  atui  low  noise  were  unsuccessful.  Under  these  conditions,  the  nine  fuels  were  run  a 
second  lime  and  results  calculated.  NRl.  ulso  reran  the  samples  using  the  OSD  5()-E  eje  response 
detector  because  they  were  unable  lo  reproduce  their  first  set  of  runs  using  the  OSD  50-5  detector. 

PMBN  s  lor  the  ten  (uels  supplied  by  Shell  Thornton  are  shown  m  Table  2.  Included  m  this  table  are 
duplicate  runs  perlormed  by  P&W,  NRL,  and  Shell  Thornton  Research  Center.  NRL  results  are  those 
presented  to  the  CtKirdmalmg  Ri'.-,carch  Council  (CRCi  in  April,  1990.  The  OSD  50-5  detector  was  used 
for  Run  No.  I  by  txiih  P&W  and  NRL.  The  OSD  50-E  eye  response  detector  was  used  for  Run  Number  2 
by  both  labs. 
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As  shown  in  Tabic  2  and  Figure  2,  Shell  Thomion  experienced  good  repcaiabiliiy  between  duplicate  runs. 
The  P&W  and  NRL  laboratories  were  unable  to  achieve  acceptable  repeatability  between  duplicate  runs 
as  illustrated  in  Figures  i  and  4.  The  scatter  between  duplicate  runs  was  greater  than  the  difference 
observed  by  Shell  between  fuel  types.  Reproducibility  of  PMBN  between  the  three  laboratories  was  poor 
and  there  was  general  di.sagreement  in  the  ranking  of  fuels.  Figure  5  compares  the  order  in  which  the 
three  laboratories  ranked  the  fuel  samples  using  the  OSD  50-5  phoiodetector.  Figure  6  compares  the 
order  in  which  the  three  laboratories  ranked  the  fuel  samples  using  the  OSD  50-E  eye  response  detector. 


TABLE  2. 

PREMIXED  BURNER  NUMBERS  FOR  SHELL  THORNTON  FUEL  SAMPLES 

Shell  Thomion 

P&W 

P&W 

NRL 

NRL 

Run 

Run 

Run 

Run 

Run 

Run 

Fuel  Simple 

No.l 

No.2 

No.l 

No.2* 

No.l 

No.2* 

Shellsoi  T 

180 

180 

180 

180 

180 

HT3 

191 

190 

200 

191 

177 

199 

HC2 

191 

190 

220 

194 

177 

198 

JET  A 

192 

191 

190 

19/ 

179 

AVCAT 

192 

193 

201 

199 

178 

HIGH  NAPH  KERO 

197 

196 

202 

203 

** 

213 

196 

HC27 

197 

201 

203 

208 

207 

191 

221 

NORTH  SEA  MGO 

207 

203 

202 

201 

186 

214 

HC29 

218 

219 

222 

217 

** 

227 

ERBS2 

232 

225 

235 

220 

237 

OSD  50-E  Eye  Response  Detector 
*•  Undetermined 
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Premixed  Burner  Number,  seconds 


l-uel  Ranking  By  Preinixecl  Burner  Number 


Fuel  Sample 


Figure  2.  Repeatability  of  Shell  Ihornion  Measurements 
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Premixed  Burner  Number,  seconds 


Fuel  Ranking  By  Premixed  Burner  Number 


Fuel  Sample 


Figure  3.  Repeatability  of  P&.W  Measurements 


Premixed  Burner  Number,  seconds 


Fuel  Ranking  By  Premixed  Burner  Number 


Shellsol  T  HC2  AVCAT  HC27  HC29 

HT3  Jet  A  HN  Kero  N.Sea  MGO  ERBS2 


NRL 


Fuel  Sample 


Figure  5.  Reproducibility  Between  Laboratories  Using  the  OSD  50-5  Detector 


Fuel  Ranking  By  Premixed  Burner  Number 


SheilSOI  T  HC2  AVCAT  HC27  HC29 

HT3  Jel  A  HN  Koro  N.Sea  MGO  ERBS2 


Fuel  Sample 

Figure  6.  Reproducibility  Between  Laboratories  Using  the  OSD  50-E  Eye  Response  Detector 

SFX’TION  4.0 
CONCLUSIONS 

At  its  cuneni  stage  of  development,  the  Shell  Premixed  Burner  requires  considerable  development  work 
to  resolve  problems  associated  with  both  the  test  equipment  and  the  test  procedure.  Efforts  should  be 
directed  at  improving  fuel  atomization,  detecting  changes  in  flame  illumination,  and  addressing  high 
volaliliiy  fuels 
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STANDARDIZATION  OF  I.DBRICITY  TEST 


Period  of  Performance 

30  November  1985  through  01  November  1986 
Reference 

Task  Order  No.  3,  First  Interim  Report,  August  1987,  AFWAL-TR-87-2041,  T.B.  Biddle,  R.J.  Meehan, 
P.A.  Warner 

Abstract 

The  technical  effort  described  herein  was  directed  at  refining  and  standardizing  the  Ball-On-Cylmdcr 
Lubricity  Evaluator  (BOCLE)  test.  The  thrust  of  the  effort  focused  on  identifying  variables  suspected  of 
affecting  test  method  precision.  Recommendations  based  on  the  conclusions  of  this  study  were  submitted 
to  the  Air  Force  Project  Engineer  for  consideration  and  review  by  the  Coordinating  Research  Council 
(CRC)  BOCLE  Operators'  Task  Force  and  Fuel  Lubricity  Panel.  The  Falex  Ring  was  shown  to 
significantly  enhance  BOCLE  test  precision  and  eliminate  many  of  the  problems  associated  with  the 
conventional  AMS  6444  test  cylinder.  Test  results  showed  that  the  source  of  the  test  ball  can  have  a 
significant  effect  on  BOCLE  results.  SKF  Swedish  precision  balls  were  found  to  provide  optimum  batch 
to  batch  consistency.  Isopar  M  +  30  ppm  DuPont  DC1-4A  was  shown  to  be  a  reproducible  fluid  suitable 
for  use  as  a  standard  reference  fluid  for  BOCLE  testing. 


StCl  ION  i.o 
INTRODUCTION 

Lubricity  may  be  the  most  critical  fuel  property  likely  to  be  degraded  by  refining  methods.  Future  fuels 
wiii  DC  iciiiico  110111  high  suliur  and  high  aromatic  crudes,  as  well  as  from  shale  oil  and  coal  syncrudes 
with  equally  high  sulfur  and  aromatic  concentrations.  Low  quality  feedstocks  will  necessitate  the  use  ol 
severe  hydroU’eating.  This  refinery  process  removes  or  reduces  the  lubricity  enhancing  polar  molecules 
that  naturally  occur  in  crudes  and  provide  the  boundary  lubrication  necessary  for  engine  fuel  system 
components. 

Lubricity  related  fuel  system  component  problems  first  surfaced  in  the  early  ivwis.  Catastrophic  failure 
and  extreme  reduction  in  component  life  have  been  associated  with  low  lubricity  fuel  of  all  types  used  by 
both  military  and  commercial  aircraft.  Typical  problems  include  severe  bore  wear,  ball  joint  wear,  and 
complete  piston  failure  of  piston  type  pumps.  Gear  type  fuel  pumps  operating  on  low  lubricity  fuels  have 
encountered  journal  bearing  seizure,  drive  shaft  failure,  wear  of  gear  teeth  flanks,  and  Baking  of  the 
contact  area  of  the  teeth  in  the  main  stage  drive  gear.  Most  recently,  incidents  of  F-111  aircraft  hydraulic 
pump  housing  fractures  have  been  reported  by  Cannon  AFB,  New  Mexico;  Plattsburgh  AFB,  New  York: 
and  Tinker  AFB,  Oklahoma. 

A  signil leant  level  of  effort  has  been  expended  in  the  study  of  low  lubricity  fuels;  chemical  properties, 
lubricity  enhancing  additives,  and  test  method  development.  Since  the  early  1960'.s,  the  Ball-On-Cylmder 
Lubricity  Evaluator  (BOCLE)  has  been  recognized  as  the  best  available  method  for  providing  a  relative 
system  of  measurement  of  the  lubricity  properties  of  jet  fuels.  A  variety  of  ball-on-cylindcr  machines,  test 
procedures,  test  cylinders,  and  reference  fluids  exist  in  the  military  and  throughout  industry.  This  lack  of 
standardization  serves  to  severely  rcsuict  test  repeatability  and  reproducibility  of  daui  among  different 
laboratories. 
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Siand;*rdi/alR)n  ol  ihc  B(K'LH  tcsl  moihod  l^  i>l  lundaincnial  imporLaiKc  in  iirdcr  ihal  convcniional  and 
expcrimcnial  fuels  ean  tv  aecuraicly  charaeicn/ed  to  predict  potential  problems  or  to  determine  the  cause 
and  mechanism  of  lubricity-related  fuel  system  failures.  Of  equal  mqxtrtance  is  the  ability  to  compare 
and  interpret  data  from  various  laboratories.  This  can  be  accomplished  only  if  test  apparatus  and 
procedures  are  suindardi/ed  and  variables  affecting  precision  are  minimi/ed  by  way  ol  dclimtive 
specifications. 

The  technical  effort  described  m  the  following  sectic'"..s  was  -Jirected  toward  rclming  and  standardi/mg 
the  BOCLE  test.  The  thrust  of  the  effort  Itxused  on  identifying  variables  suspected  of  reducing  test 
method  precision.  Recoiamcndations  based  on  the  conclusions  of  this  study  are  herein  submitted  to  the 
Air  Force  Project  Engineer  tor  consideration  and  review  by  ihe  Coordinating  Research  Council  (CRC) 
BOCLE  Operators  Task  Force  and  Fuel  Lubricity  Panel. 

SECTION  2.0 
EXPERIMENTAL 

In  order  to  accomplish  the  goals  set  forth  m  this  investigation,  the  technical  approach  lollowed  a  siep-likc 
progression  in  identifying  the  primary  variables  suspected  of  alTecting  BOCLE  test  precision.  Once 
identified,  these  critical  parameters  were  evaluated  within  the  constraints  ol  the  operating  conditions  ol 
the  BOCLE  test.  Based  on  the  assessment,  optimum  conditions  and  material  specifications  were  defined. 

lechnical  effort  included  determination  of  an  appropriate  standard  reference  fluid  to  permit  test  cylinder 
calibration  and  intcrlaboratory  comparison  of  data.  Cylinders,  which  were  fabricated  by  different  vendors 
to  selected  surface  finishes,  were  evaluated.  This  was  done  to  assess  the  effect  ol  surlace  finish  on  test 
precision.  These  tests  also  sersed  to  appraise  vendor  quality  control  m  providing  a  source  for  repcauible 
and  repnxluciblc  test  cylinders.  An  alternative  test  specimen  to  that  of  the  problem-laden  conventional 
test  cy  linder,  currently  used  m  the  BOCLE  test,  was  investtgatcd.  A  further  investigation  focused  on  test 
ball  to  determine  whether  there  was  a  measurable  effect  on  test  precision  betw-'en  ball  manufacturers. 
Work  was  concluded  with  an  interlaboratory  evaluation  of  the  Falex  Timken  Ring.  This  ccxipcrative 
effort  assessed  the  ability  of  the  Falex  Ring  to  meet  the  criteria  required  for  a  standard  specification  test, 
cr..hanc'.'  u>st  precision,  and  resolve  existing  problems  as,sociated  with  the  conventional  BOCLE  cylinder. 
Five  laboratories  participated  m  the  mini-round  robin. 

All  BOCLE  tests  were  perlormed  on  an  InterAv  BCXT-KH)  lubnc.ty  tester.  With  the  exception  of  the 
variahle  >'t  material  specimen  under  test,  d.c  test  prv'dur''  throughout  ihe  course  of  the  nronram  closely 
adhered  to  the  CRC  recommended  BOCLE  test  method  outlined  m  Draft  "Standard  Test  Method  for 
Measurement  of  Lubricity  of  Liquid  Hydrtxarbon  Fuels  By  the  Ball-On-Cylinder  Lubricity  Evaluator  ". 

2.1  REFERENCE  FLCII)  INVESTIGATION 

Determination  of  appropriate  or  desired  properties  for  a  candidate  rclerencc  lluid  was  made  by  surveying 
the  chemical  and  physical  properties  of  various  hydrexarbon  type  lluids  in  a  range  of  carbon  numK'rs 
from  C6  to  Cl 2.  Storage  stability,  long  term  availability,  and  the  level  of  lluid  harshness  were  among  the 
criteria  examined.  It  was  considered  desirable  that  the  degree  of  fluid  harshness  permit  scnsiliviiy  to 
exceptionally  high  lubricity  fuels.  It  was  also  dcsirahk'  to  ream  the  precision  which  is  sometimes  lost  as 
a  result  ol  larger  BOCLE  wear  scar  diameters  (WSD).  Pure  hydrocarbon  Huids  and  formulations  of 
hydrexarbon  fluids  were  considered  along  with  additive  blends  and  "neat "  fuels.  The  merit  of  multiple 
fluids  for  purposes  of  ^;yimdcr  calibration,  quantitative  lubricity  relcrences,  and  contamination  detection 
was  also  examined. 

.Among  the  pure  hydrocarbon  solvents  considered  was  Isopar  M  which  is  prcxluced  by  the  Exxon 


r  unipany  and  used  extensively  in  industry  as  a  calibration  lluid,  Isopar  VI  is  an  cxlorlcss,  relatively  high 
boiling,  narrow  cut  isoparalTmic  solvent  ol  high  purity.  It  is  synthesi/cd  by  a  catalytic  process  Irom 
petroleum  tractions  A  table  ol  physical  and  chemical  prop<’rties  characten/ing  Isopar  M  is  presented  in 
Appendix  A.  Relerence  tluid  candidates  included  straight  chain  hydrtKarbons  (Cb  to  C12);  a 
cycioparaltm,  cyclohexane;  naphthalene  derivatives,  decalin  and  teiralin;  neat  Isopar  M;  Isopar  M  with 
additive  (DuPont  DCI-4A I;  and  blends  ol  Isopar  M  and  tetralm. 

Candidate  relerence  lluids  were  selected  and  evaluated  by  way  ol  a  series  ol  BOCLE  tests.  The  test 
matrix  consisted  of  three  cylinders  of  known  and  proven  gtxxi  quality  and  three  cylinders  of  known 
inferior  quality.  Determinafon  of  gtxxi"  and  "bad'  cylinder  qualitv  was  based  on  P&W  experience  and 
current  standards  as  defined  by  the  existing  B(X?1,E  levt  prtKedure.  All  gtxxi  cylinders  were  fabricated  to 
speed icatutns  defined  by  CRC  recommended  guidelines:  4  to  9  microinch  (rnin.)  surface  finish,  20  to  22 
RtKkwell  C  (Rc)  hardness,  and  AMS  6444  alloy.  Cylinders  determined  tt)  be  of  ptxrr  quality  varied  in 
siirlace  lml^h,  hardness,  and  alloy.  These  cylinders  were  fabricated  from  an  AMS  6440  alloy.  The  surface 
linish  ol  the  cylinders  varied  from  10  to  40  mm.  Hardness  varietl  from  22  to  24  Rc. 

The  candidate  reference  Hinds  were  lun  in  quadruplicate  on  each  of  the  three  gtxxi  and  three  bad 
cylinders.  Ihe  initial  test  run  on  a  cylinder  was  spaced  1.0  millimeter  (mm)  from  the  edge  of  the  hub-side 
th  the  cy  linder.  Succeeding  runs  were  spaced  m  increments  of  0,7.S  mm.  The  candidate  fluids  were  tested 
in  an  alternating  sequence  across  the  face  of  each  cylinder. 

Selection  of  a  standard  specification  reference  lluitl  was  based  on  the  follow  ing  criteria; 

•  Repeatability  across  the  cylinder  running  surface 

•  Reprixlucibility  Irom  cyliniler  to  cylinder 

•  Differentiation  between  cyltntlers  of  known  good  quality  and  cylinders  of  questionable  or  inferior 
quality 

•  Maintainability  ol  a  consuinl  lubricily  value  over  exiended  peruxfs  of  storage 

•  Storage  suibility  and  acailabiltty  m  luture  years 

2.2  TEST  (  V  LINDER  SI  RFA(  E  FINISH  INV ES TK.'ATION 

The  lluid  selected  as  the  most  promising  standard  at  the  conclusion  of  the  reference  lluid  investigation 
was  used  to  provide  a  baseline  for  assessing  and  comparing  cylinder  variables,  and  for  quantifying  their 
eflect  on  test  repeatability  and  repoxlucibility .  The  effect  of  surface  finish  on  test  cylinder  repeatability, 
both  across  the  running  surface  and  from  cylinder  to  cylinder,  was  examined  in  three  .separate  phase.s. 
fhese  three  phases  of  investigation  were  necessitated  by  anomalies  encountered  during  the  first  and 
second  phases  ol  surface  finish  testing. 

The  effect  of  surface  finish  was  determined  for  'wo  different  surface  finishes  which  had  been  previously 
verified  by  profilomcter  measurements.  The  two  different  manulacturcrs  supplying  test  cylinders  were 
assigned  the  ctxles  "J'  and  'EV,'  respectively  .  Surface  finishes  evaluated  consisted  of  FV  fabricated 
cylinders  ground  to  a  4  to  9  mm.  surface  and  J  fabricated  cylinders  ground  to  a  16  to  22  mm.  surface 
finish.  Material  alloy  and  cylinder  hardness,  also  considered  to  be  imixsrtanl  cylinder  variables,  were  held 
constant,  f  he  specified  material  was  an  AMS  6444  alloy,  tempered  to  a  Rockwell  hardness  of  20-22  Rc. 
1  hree  cylinders  of  each  siirlace  finish  were  evaluated.  BCXTLL  tests  were  pt-rformed  in  nuadn'plicatc  and 
included  the  lollowmg  niiids.  (li  Isopar  M  -t-  M)  parts  jser  million  (ppm)  IX’1-4A,  as  the  most  promising 
candidate  relerence  lluid;  (2i  JP-4,  which  is  highly  volatile  and  typically  pnxluccs  a  relatively  small  wear 
scar.  ( V)  clay  treated  (CT  i  JP  4.  which  generates  a  relatively  large  wear  scar;  and  (4)  JP-7,  which  is  of 
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low  volatility  and  typically  produces  a  w'car  scar  diameter  between  that  of  an  as-received  JP-4  and  a  CT 
JP-4. 


2J.  FALEX  RING  INVESTIGATION 

The  Falcx  Ring  is  currently  sanctioned  by  ASTM  in  two  test  methods  which  assess  lubricating  properties 
of  oils  (D2782  and  D2509).  The  Falex  Ring  differs  from  the  conventional  solid  BOCLE  cylinder  in  alloy 
matcnal,  hardness,  and  surface  finish.  The  alloy  is  an  SAE  8720  modified  steel,  tempered  to  a  hardness 
of  58  to  62  Rc,  and  ground  to  a  2.0-30  pin.  surface  finish.  It  has  a  50  mm  (1.97  inch)  outside  diameter 
(OD)  and  a  39  mm  (1.54  inch)  inside  diameter  (ID).  The  Falex  Ring,  fabricated  by  the  Falex  Corporation, 
IS  a  readily  available,  low  cost  stock  item. 

Relatively  minor  special  test  conditions  were  necessary  for  use  of  the  Falex  Ring  in  place  of  the 
conventional  AMS  6444  solid  cylinder.  A  mandrel,  also  manufactured  by  the  Falex  Corporation, 
permitted  installation  of  the  Falex  Ring  on  the  standard  InierAv  cylinder  shaft.  Figure  1  shows  the  Falex 
Ring,  mandrel,  and  the  manner  of  insiallat'^'n.  Because  the  Falex  Ring  is  5.55  mm  (0.21  in.)  larger  m 
diameter  than  a  conventional  BOCLE  cylinder,  a  minor  modification  to  the  BOCLE  apparatus  itself  was 
necessary  to  permit  leveling  of  the  load  arm.  The  modification  consisted  of  inserting  a  38.1  x  76.2  mm 
(1-1/2  X  3  in.)  shim,  made  from  a  piece  of  2.28  to  2.79  mm  (0.090  to  0.1 10  in.)  sheet  metal  shim  stock, 
between  the  load  pedestal  and  the  top  base  plate.  It  was  also  necessary  to  attach  a  19.0  X  19.0  mm  (3/4  X 
3/4  in.)  shim  to  the  underside  of  the  load  beam  in  such  a  manner  that  the  hydraulic  lift  plunger  met  the 
shim  when  the  plunger  was  fully  extended  in  the  "up"  position.  This  was  required  to  compen.saic  for  the 
plunger’s  limited  length  of  uavel.  Appendix  B  contains  a  diagram  with  instructions  to  assist  in  mcxlifying 
the  BOCLE  apparatus  for  use  with  Falex  Rings. 

A  ri’4'iction  in  applied  load  from  1(X)0  grams  (g)  to  500  g  represented  the  only  change  in  the  actual  test 
conditions.  The  harder  ring  material  was  found  to  generate  a  larger  wear  scar  than  the  conventional 
cylinder.  After  a  series  of  dial  runs  with  harsher  test  fluids,  it  was  determined  that  a  500  g  applied  load 
was  more  suitable  for  maintaining  a  wear  scar  within  the  limits  of  the  1-mm  graduated  reticle  of  the 
micro.scopc. 

A  preliminary  investigation  was  performed  to  evaluate  the  potential  of  the  Falex  Ring  to  enhance 
BOCLE  test  precision.  The  test  matrix  consisted  of  three  runs  performed  on  each  of  three  rings  from  the 
same  material  lot.  Evaluations  were  conducted  using  five  different  fuel  types.  A  total  of  45  runs  were 
performed. 

As  a  result  of  the  promise  shown  in  the  initial  phase  of  the  Falex  Ring  evaluation,  a  more  extensive 
investigation  was  performed.  This  investigation  consisted  of  180  runs  and  was  designed  to  determine 
repeatability  of  the  Falex  Ring  in  a  variety  of  fuel  types,  degree  of  differentiation  between  fuel  types  of 
varying  known  lubricity,  reproducibility  of  data  from  ring  to  ring  within  a  given  production  lot,  and 
reproducibility  of  data  from  the  manufacturer’s  lot  to  lot  production.  Three  rings  were  evaluated  from 
each  of  four  different  production  lots  in  five  different  fuel  and  fluid  types.  The  test  fluids  and  fuel  types 
included  the  selected  BOCLE  reference  fluid  (Isopar  M  +  ,30  ppm  DC1-4A),  JP-4,  JP-8,  JP-7  and  CT 
JP-4.  Tests  were  performed  in  triplicate  on  each  test  ring.  This  generated  a  total  of  36  data  points  for  each 
fuel  sample. 
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Figure  1 .  Falex  Ring  and  Mandrel  Assembly 


2.4  INTERLABORATORY  EVALUATION  OF  I  HE  FALEX  RINC 


An  inierlaboraiory  cooperative  effort  was  organizea  to  confirm  the  potential  shown  by  the  Falex  Ring  to 
enhance  test  precision.  The  intent  of  the  mini-round  robin  was  to  generate  a  preliminary  precision 
statement  before  recommending  a  full-scale  round  robin  sponsored  by  the  CRC.  Five  laboratories 
participated  in  the  cooperative  effort.  A  summary  sheet  was  forwarded  to  each  facility  outlining  the 
objectives,  specia.  test  conditions,  test  matrix,  and  .pecial  instructions  for  the  performance  of  the  test 
program. 

The  test  matrix  was  designed  to  evaluate  the  Falex  Ring  on  the  basis  of  the  following 
criteria: 

•  Differentiation  between  fuel  types 

•  Repeatability  across  the  running  surface 

•  Repeatability  from  ring  to  ring 

•  Reproducibility  from  lot  to  lot 

•  Objectivity  of  wear  scar  interpretation 

All  necessar>'  hardware  was  supplied  to  the  participating  independent  laboratories  by  P&W  and 
AFWAL/POSF.  The  required  hardware  included  a  mandrel  fabricated  by  the  Falex  Corporation  for  use  in 
mounting  the  Falex  Ring  to  the  standard  BOCLE  cylinder  shaft,  six  Falex  test  rings  (two  each  from  three 
different  lots),  shims  for  BOCLE  machine  modification  to  enable  leveling  of  the  load  arm  and  extension 
of  hydraulic  plunger,  and  100  Falex  test  balls. 

Two  of  the  four  fluid  .samples  to  be  tested,  Lsopar  M  and  an  I.sopar  M  -i-  30  ppm  DC1-4A  blend,  were 
supplied  by  P&W.  The  remaining  two  test  fluids,  consisting  of  a  petroleum  based  JP-4  and  a  shale 
derived  CT  JP-4,  were  supplied  by  AFWAL/POSF.  The  latter  samples  were  test  fluids  which  had  been 
used  in  the  December  1984  CRC  BOCLE  Task  Force  Round  Robin.  The  samples  had  been  in  refrigerated 
storage  since  the  completion  of  that  program.  The  four  test  fuels  were  .selected  based  on  their  range  of 
wear  scars,  volatility  extremes  and  availability  of  hi.storical  data  generated  using  conventional  BOCLE 
cylinders.  All  test  fuels  were  evaluated  in  uiplicate  on  each  of  the  six  Falex  Rings. 

2.5  TEvST  BALL  INVESTIGATION 

The  final  effort  conducted  under  this  task  was  an  investigation  of  the  effect  of  the  test  balls  on  BOCLE 
test  results.  This  study  focused  on  the  dependence  of  wear  scar  size  and  repeatability  on  the  .source  from 
which  the  ball  was  prtKurcd.  A  number  of  suppliers  of  0.5  in,,  AISI  52100,  Rc  64-66,  Grade  25  EP  ball 
bearings  were  contacted  to  determine  the  origin  of  the  test  balls  traditionally  used  in  conjunction  with  the 
BOCLE  test  apparatus. 

SKF,  a  major  distributor  iif  ball  bearings,  advised  that  test  balls  acquired  from  SKF  were  manufactured 
both  domestically  and  m  Sweden.  SKF  manufactures  their  own  ball  bearings  in  Sweden.  These  are 
considered  precision  balls,  and  are  produced  under  tight  tolerances,  with  little  or  no  variation  from  batch 
to  batch.  The  balls  arc  furnished  with  a  Grade  5  to  10  EP  polished  finish,  as  opposed  to  the  25  EP 
standard  equated  with  balls  produced  in  the  United  States.  Balls  originating  from  SKF  Sweden  will 
always  carry  the  designation  "RBI 2.7"  on  the  box  in  which  they  arc  packaged.  The  "12.7"  part  of  the 
Swedish  designation  represents  the  diameter  of  the  ball  in  millimeters. 

Balls  obtained  domestically  for  distribution  by  SKF  arc  procured  from  three  different  manufacturers  and 
sold  by  SKFs  Atlas  Ball  Division.  Manufacturers  which  produce  balls  for  Atlas  include  N.N.  &  Roller 
Co.  of  Erwin,  New  Jersey:  Htrover  Group,  also  of  Erwin,  New  Jersey;  and  Winstead  Precision  Ball  Co., 
IcKated  in  Colcbrook,  Connecticut.  Consequently,  Atlas  Balls  would  be  expected  to  show  slight  batch  to 
batch  variations.  The  Falex  Corporation,  a  major  manufacturer  of  wear  type  equipment  and  supplier  of 
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0.5  in.  BOCLE  balls,  purtha.sc  their  balls  for  resale  from  SKF's  Allas  Ball  Division.  Another  variety  of 
ball,  somewhat  inaccurately  referred  to  as  "German  Balls,"  although  distributed  in  Germany,  were  found 
to  be  produced  in  SKF's  plant  in  Sweden. 


Test  balls  received  from  Falex,  SKF  Atlas,  SKF  Sweden,  and  Winstead  were  evaluated  in  BOCLE  tests 
in  four  fuel  types.  The  test  fuels  consisted  of  a  petroleum  based  JP-4,  JP-7,  CT  JP-4,  and  Isopar  M  + 
DC1-4A  (BOCLE  calibration/  reference  fluid).  Tests  were  performed  in  triplicate  using  the  Falex  Ring  at 
a  5(X)  g  applied  load. 

SFXTION  3.0 

RE.SULT.S  AND  DISCUSSION 
3.1  REFF.RENCF.  FLUID  SELECTION 

Preliminary  screening  of  n-paraffins,  cycloparaffins,  and  hydrocarbon  mixtures  resulted  in  the 
elimination  of  the  C6  through  Cl 2  n-paraffins  and  cycloparaffins  Irom  further  consideration.  In  these 
preliminary  tests,  abrasive  wear  (scuffing)  was  exhibited  which  in  most  cases  resulted  in  premature 
termination  of  the  test.  Four  of  the  more  promising  candidate  fluids,  which  produced  acceptable  wear 
scars,  were  selected  for  in-depth  evaluations.  Those  candidates  showm  to  merit  further  investigation 
included  neat  Isopar  M,  an  Isopar  M  -t  30  ppm  DC1-4A  additive  blend,  tetralin,  and  a  mixture  of  15 
volume  percent  (vol  %)  tetralin  in  isopai  M. 

Table  1  shows  BOCLE  test  results  for  the  four  candidate  reference  fluids  (CRF).  Cylinders  identified  by  a 
"J"  prefix  were  of  known  poor  quality.  Those  labeled  with  a  prefix  of  "FV "  were  previously  qualified  at 
0.30  -i-  0.02  mm  WSD  and  were  determined  to  be  acceptable  P&W'  control  cylinders. 
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TABLE  1 

BOCLE  DATA  FOR  CANDIDATE  REFERENCE  FLUIDS 


Wear  Scar  Diameter,  mm 


Candidate  Fluid 

Run  No. 

Cyl. 

J14 

Cyl. 

JOl 

Cyl. 

J27 

Cyl. 

FV5 

Cyl. 

FV6 

Cyl. 

FV7 

Isopar  M/DCI-4A 

1 

0.595 

0.420 

0.520 

0.305 

0.270 

0.340 

2 

0.590 

0.465 

0.535 

0.305 

0.290 

0.310 

3 

0.550 

0.455 

0.510 

0.275 

0.295 

0.325 

4 

0.530 

0.430 

0.505 

0.320 

0.235 

0.320 

Tetralin 

1 

0.395 

0.320 

0.365 

0.285 

0.280 

0.295 

2 

0.365 

0.335 

0.375 

0.275 

0.275 

0.280 

3 

0.375 

0.505 

0.365 

0.260 

0.285 

0.290 

4 

0.440 

0.325 

0.420 

0.325 

0.285 

0.290 

85  %  Vol  Isopar  M/ 

1 

0.690 

0.600 

0.675 

0.690 

0.560 

0.665 

15  Vol  %  Tetralin 

2 

0.580 

0.565 

0.675 

0.645 

0.595 

0.660 

3 

0.705 

0.555 

0.700 

0.665 

0.590 

0.655 

4 

0.650 

0.540 

0.635 

0.650 

0.640 

0.645 

Isopar  M 

1 

>  1.00 

0.920 

1.02 

0.945 

0.930 

0.945 

2 

0.865* 

1.01 

0.805 

0.925 

0.895 

0.905 

3 

0.875 

0.935 

0.925 

0.930 

0.910 

0.935 

4 

0.950 

0.920 

0.965 

0.895 

0.940 

0.910 

*Scuffed 

Note;  Cylinders  prefixed  by  J'  are  of  known  poor  quality 
Cylinders  prefixed  by  FV  arc  of  proven  good  quality 


3.1.1  Ability  to  Discern  Cylinder  Quality 

As  a  method  of  assessing  the  data  to  determine  which  fluids  were  capable  of  differentiating  between 
cylinders,  the  average  WSD  of  the  group  of  three  good  cylinders  and  the  group  of  three  bad  cylinders 
were  calculated  for  each  fluid.  These  arc  shown  in  Table  2.  As  indicated,  both  tetralin  and  Isopar  M  + 
DCI-4A  were  able  to  differentiate  between  good  cylinders  and  bad  cylinders.  Those  fluids  which  were 
unable  to  discern  between  the  cylinders,  and  as  such,  rated  both  groups  similarly,  included  the  85/15  vol 
%  Isopar  M/tcu-alin  blend  and  neat  Isopar  M.  Similar  results  for  individual  cylinder  ratings  for  the  CRF 
arc  shown  in  Table  3.  laule  3  summarizes  the  data  generated  during  the  BOCLE  tests  by  providing  the 
average  and  standard  deviation  of  the  four  runs  performed  on  each  of  the  three  good  and  three  bad 
cylinders  for  each  CRF. 
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TABLE  2 

DIFFERENTIATION  BETWEEN  GROLPS  OF  CYLINDERS 


Bad  Cylinders  Good  Cylinders 

WSD  WSD 


Candidate  Fluid 

Avg. 

sd 

Avg. 

sd 

isopar  M/DC  1-4 A 

0.509 

0.057 

0.299 

0.029 

Tetralin 

0.382 

0.053 

0.285 

0.015 

85/15  Vol  9c  Isopar  M/ 
Tetralin 

0.631 

0.060 

0.638 

0.037 

Isopar  M 

0.936 

0.068 

0.922 

0.018 

3.1.2  Reproducibility  of  Candidate  Fluid 

In  addition  to  the  average  WSD  and  standard  deviation  calculated  for  the  CRF  for  each  of  the  good  and 
bad  cylinders,  Table  }  also  shows  the  maximum  spread  in  WSD  for  each  of  the  test  fluids.  In  this  manner, 
the  reproducibility  from  cylinder  to  cylinder  of  the  candidate  fluids  can  be  assessed  for  good  cylinders. 
Data  scatter  is  anticipated  on  those  cylinders  which  are  of  poor  quality  and  as  such  cannot  be  used  to 
assess  the  reproducibility  of  the  CRF.  Table  3  would  indicate  that  leiralin  and  neat  Isopar  M,  followed  by 
Isopar  M  +  DC1-4A,  arc  the  most  reproducible  CRF  from  cylinder  to  cylinder.  Although  neat  Isopar  M  is 
shown  to  bo  a  reproducible  fluid  by  its  minimal  spread  in  WSD,  the  data  .shown  in  Table  2  suggest  that  it 
may  not  discriminate  between  cylinders  of  good  and  poor  quality.  The  most  objective  evaluation  of 
repeatability  must  consider  primarily  the  "good"  cylinders.  The  bad  cylinders  would  be  expected  to  show 
scatter.  However,  if  very  little  or  no  spread  is  observed  in  the  case  of  the  bad  cylinders  by  a  CRF,  then  it 
is  possible  that  the  CRF  is  not  sensitive  to  surface  irregularities  and  variations  in  hardness.  If  a  large 
spread  is  noted  in  the  bad  cylinders  by  a  CRF,  then  the  assumption  can  be  made  that  the  CRF  is  sensitive 
to  differences  across  the  cylinder  surface. 

3.1.3.  Repeatability  Across  Running  Surface 

A  review  of  standard  deviations  reported  in  Tabic  3  indicates  that  repeatability  is  good  for  all  CRF  on 
each  of  the  three  gtxxJ  cylinders.  With  the  exception  of  Isopar  M  +  DC1-4A,  the  repeatability  of  the  fluids 
evaluated  on  poor  cylinders  declined  dramatically.  Since  the  scatter  did  not  occur  on  the  good  cylinders, 
it  is  apparently  not  due  to  increasing  fluid  harshness.  Isopar  M  +  30  ppm  IXri-4A  and  technical  grade 
teualin  were  selected  as  the  two  most  promising  candidates  for  use  as  a  standard  BOCLE  reference  fluid. 
Selection  was  made  on  the  basis  of  the  best  combination  of  cylinder  differentiation,  repeatability  across 
the  running  surface,  and  reproducibility  from  cylinder  to  cylinder.  Because  tetralin  is  a  known  producer 
of  peroxides,  a  .short  investigation  was  conducted  to  determine  the  effect  of  peroxides  on  lubricity. 
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Table  3 

PRECISION  OF  CANDIDATE  REFERENCE  FLUIDS 


Candidate  Fluid 

- 

Bad  Cylinders 
Wear  Scar  Diameter, 

JN  Ml  J27 

mm 

Max.  A 

Isopar  M/DCI-4A 

i 

- 

0.566 

0.443 

0.518 

0.123 

ad 

- 

0.031 

0.021 

0.013 

Tetralin 

i 

- 

0.394 

0.371 

0.381 

0.023 

sd 

0.033 

0.089 

0.026 

86/15  Vol  %  Isopar 

I 

=. 

0.656 

0.565 

0.671 

0.106 

M/Tetralin 

sd 

- 

0.056 

0.025 

0.027 

Isopar  M 

i 

- 

0.922 

0.946 

0.924 

0.024 

sd 

m 

0.064 

0.043 

0.085 

Good  Cylinders 

Wear  Scar  Diameter. 

mm 

Candidate  Fluid 

FV5 

FV6 

FV7 

Max.  A 

Isopar  M/DCI-4A 

i 

0.301 

0.273 

0.324 

0.051 

td 

SM 

0.019 

0.027 

0.012 

Tetralin 

X 

IP 

0.286 

0.281 

0.289 

0.008 

ad 

* 

0.028 

0.005 

0.006 

85/15  Vol  %  Isopar 

i 

0.663 

0.596 

0.656 

0.067 

M/Tetralin 

sd 

- 

0.020 

0.023 

0.008 

Isopar  M 

X 

ac 

0.924 

0.919 

0.923 

0.005 

sd 

0.021 

0.020 

0.019 

*  i  and  sd  baaed  on  4 

runs 

303iC 


F*rcliminary  results  showed  that  peroxides  have  a  significant  effect  on  fuel  lubricity.  A  dramatic  increase 
in  WSD  was  observed  when  the  peroxide  content  of  a  stressed  reagent  grade  ictralin  was  lowered  from 
100  ppm  to  40  ppm.  Lowering  the  peroxide  content  from  40  ppm  to  less  than  1  ppm,  by  percolating  the 
tetralin  through  activated  silica,  had  no  significant  affect  on  lubricity.  Tctralin  used  during  CRF  testing 
was  determined  to  contain  100  ppm  peroxides.  Typically,  40  to  50  ppm  peroxide  were  measured  from 
new,  previously  unopened,  bottles  and  100  ppm  from  opened  bottles  after  minimal  shelf  storage.  A 
BOCLE  test  was  performed  on  tetralin  containing  peroxides  below  detectable  levels  to  determine  if 
peroxides  were  generated  during  testing.  Samples  taken  after  15  minutes  and  after  30  minutes  showed  no 
peroxide  formation.  Based  on  the  poor  storage  stability  and  unpredictable  effects  of  peroxide  formation, 
tetralin  was  rejected  as  a  CRF.  Isopar  M  +  30  ppm  DC1-4A  was  selected  as  the  recommended  standard 
reference  fluid  and  was  used  throughout  the  remainder  of  the  program  effort. 

3.2  TEST  CYLINDER  SURFACE  FINISH  INVESTIGATION 

The  test  cylinder  investigation  was  directed  at  defining  material  hardness  and  surface  finish  specifications 
for  standardizing  BOCLE  test  cylinders.  The  effect  of  cylinder  surface  finish  on  data  precision  is 
discussed  in  the  following  paragraphs. 

After  onc-third  of  the  planned  BOCLE  tests  had  been  completed,  a  number  of  anomalies  were  noted. 
Testing  was  temporarily  suspended  and  the  data  critically  reviewed.  As  shown  in  Table  4,  the  average 
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WSD  for  JP-7  closely  approximated  the  WSD  for  the  CT  JP-4  sample  on  the  J-Al  cylinder.  Typically, 
there  is  good  differentiation  between  these  two  fuel  types,  JP-7  being  considerably  less  harsh  than  a  CT 
fuel.  Since  this  was  not  reflected  in  the  measurements,  the  data  were  considered  suspect.  Significantly 
higher  WSDs  than  expected  were  exhibited  by  both  the  reference  fluid  (Isopar  M  DCI-4A)  and  JP-4  on 
the  4  to  9  min.  J-Al  cylinder.  The  nominal  WSD  indicative  of  these  fluids  is  0.30  to  0.33  mm  The  WSD 
measured  for  the  reference  fluid  was  inconsistent  with  the  WSD  measured  for  JP-4  on  the  FV9  4  to  9 
min.  cylinder  in  that  the  reference  fluid  was  formulated  to  approximate  a  high  lubricity  JP-4.  Conflicting 
WSD  were  reported  for  all  but  the  CT  JP-4  sample  when  comparing  the  two  sources  of  4  to  9  min. 
cylinders.  The  source  of  the  4  to  9  min.  cylinders  appeared  to  be  contributing  more  to  variations  in 
reproducibility  than  the  surface  finish. 


TABLE  4 

EFFECT  OF  CYLINDER  SURFACE  FINISH-PART  I 


Cyi  iVo 

SF  (uin.) 

Run  No. 

Wear  Scar  Diameter,  mm 

isopar  M 

*DCl  4A 

JP4 

JP-7 

CT  JP  4 

J-Al 

4-9* 

1 

0.465 

0.650 

0.865 

0.860 

2 

0.460 

0.560 

0.840 

0.895 

3 

0.475 

0.650 

0.840 

0.800 

4 

0.475 

0.530 

0.845 

0.970 

i 

0.469 

0.572 

0.845 

0.881 

ad 

0.008 

0.053 

0.007 

0.071 

A 

0.015 

0.120 

0.015 

0.170 

J-Fl 

20-30* 

1 

0.525 

0.645 

0.805 

0.885 

2 

0.505 

0.570 

0.780 

0.765 

3 

0.490 

0.580 

0.800 

0.885 

4 

0.485 

0.630 

0.795 

0.895 

i 

0.501 

0.606 

0.795 

0.858 

ad 

0.018 

0.037 

0.011 

0.062 

A 

0.040 

0.075 

0.025 

0.130 

FV9 

4-9 

1 

0.290 

0.405 

0.555 

0.835 

2 

0.305 

0.445 

0610 

0.860 

3 

0.295 

0.390 

0,575 

0.940 

4 

0.275 

0.380 

0,575 

0.900 

X 

0.291 

0.405 

0.579 

0.884 

ad 

0.012 

•■'028 

0.023 

0.046 

A 

0.030 

0.065 

0.055 

0.105 

All  Fuels 

Repeatability 

(Avg.  Spread) 

Cal  Fluid 

A 

ad 

X 

J-Al 

4-9  0.080 

0.0.35 

0.469 

J-Fl 

20-30  0.068 

0.032 

0  501 

FV9 

4-9  0.064 

0.027 

0.291 

•Not*; 


by  J  inconsisunt  with  tpccificiation. 
J-Al  -  18.5  uin.  J-Fl  -  27  iiin. 


»«c 
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The  average  data  spread  and  the  average  standard  deviation  were  calculated  to  assess  the  effect  of  both 
the  source  and  the  two  different  surface  finishes  on  repeatability.  This  calculation  is  presented  in  Table  4 
and  is  inclusive  of  all  fuel  types.  This  approach,  in  effect,  gives  insight  into  the  average  error  that  could 
be  anticipated  during  a  BOCLE  test  on  any  given  fuel  within  the  confines  of  those  tested.  The  average 
potential  error  (A)  is  shown  to  be  as  great  between  the  two  different  sources  of  the  same  surface  finish,  as 
it  is  between  the  two  distinctive  surface  finishes  evaluated.  This  is  also  true  of  the  average  WSD  shown 
for  the  calibration  Huid  for  each  of  the  three  cylinders.  The  diffeicnce  in  the  average  WSD  for  the 
calibration  fluid  is  as  great  between  the  two  different  4  to  9  min.  cylinder  sources  as  it  is  between  the  4  to 
9  min.  and  20  to  30  min.  finishes. 

Surface  finish  and  hardness  measurements  were  performed  on  the  above  cylinders  to  verify  that  they  had 
been  fabricated  to  specification  by  the  two  different  vendors.  While  cylinder  hardness  proved  to  be  within 
specification  limits,  profilometer  measurements  indicated  that  the  majority  of  the  J  manufactured 
cylinders  failed  to  meet  specification  for  surface  finish.  As  shown  in  Table  5,  only  four  were  found  to  be 
within  the  specification  limits.  Surface  finish  varied  from  11  to  40  min.  on  the  remaining  J  cylinders 
fabricated  to  a  4  to  9  min.  specification.  The  surface  finishes  of  the  FV  cylinders,  fabricated  and  ground 
to  a  4  to  9  min.  specification  were  also  verified  by  profilometer  measurements.  All  FV  cylinders  were 
found  to  be  within  specification  limits. 


TABLE  5 

VERIFICATION  OF  CYLINDER  SURFACE  FINISH 


Source: 

FV  J 

Pure  hosed 
Specification: 

4-9  uin.  4-9  tiin.  20-30  utn. 

(Number  of  Cylinders) 

Surfuiaiyzer 

Ra*  Results,  gin. 

i-to 

10  0 

11-20 

14  2 

21-30 

9  8 

30-40 

2  5 

*Ra  —  Roughness  Average 

Average  of  2  Ra  values  taken  at  90  degrees 

Mxiac 


The  results  of  the  profilometer  measurements  for  each  set  of  cylinders  shown  in  Table  5  are  based  on  an 
average  of  two  readings  across  the  cylinder  surface.  Two  locations  were  measured,  the  second  at  a  90 
degree  rotation  from  the  first.  Twelve  of  the  40  J  cylinders  had  a  difference  in  Ra  (roughness  average) 
value  of  greater  than  5  min.  This  indicates  a  significant  difference  in  the  surface  finish  around  the 
cylinder.  In  contrast,  the  FV  cylinders  had  a  maximum  difference  of  2  min.  (1  of  the  10  cylinders),  with  7 
of  the  10  cylinders  having  a  difference  of  1  min. 

Based  on  these  findings,  the  previously  performed  tests  were  considered  invalid  for  the  purpose  of 
evaluating  surface  finish.  They  did  dcmonstraic,  however,  the  importance  of  vendor  quality  control. 
Testing  was  resumed  and  was  restricted  to  assessing  the  effects  of  two  different  verified  surface  finishes 
on  test  repeatability.  The  second  set  of  BOCLE  tests  which  followed  compared  three  FV  fabricated 
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cylinders  with  verified  surface  finishes  of  4  to  9  min.  lo  that  of  three  J  fabricated  cylinders  with  verified 
16  to  22  min.  surface  finishes.  The  same  lest  fluids  were  used  as  in  the  previous  analyses.  The  results  are 
shown  in  fable  6. 


TABLE  6 

EFFECT  OF  CYLINDER  SURFACE  FINISH-  PART  II 


Cyl  No 

SF  (iiin  ) 

We*r  Sesr  Diameter,  mm 

Run  tVo 

iSOPAR  M 
*DCt  4 A 

JP-4 

JP  7 

CT  JP  4 

rV22 

4-9 

1 

0.235 

0.470 

0.530 

1.03 

2 

0.245 

0.420 

O.60O 

0.840 

3 

0.275 

0.475 

0.596 

0.960 

4 

0.270 

0.460 

0.576 

0.935 

i 

0.256 

0.456 

0.575 

0.941 

St 

0.098 

0.025 

0.032 

0.078 

A 

0.040 

0.055 

0.070 

0.190 

F\'23 

4-9 

1 

0.285 

0.610 

0^35 

0.905 

2 

0.300 

0.470 

0.675 

l.OlO 

3 

0340 

0  445 

0.590 

0.960 

4 

0.315 

0.510 

0.675 

0.945 

S 

0.310 

0.509 

0.694 

0.960 

tl 

0.023 

0.073 

0.102 

0.045 

A 

0.055 

0  165 

0.245 

0.106 

FV2.‘> 

4-9 

1 

0.335 

0.525 

0825 

1.050 

2 

0.315 

0.490 

0.740 

0.830 

3 

0.325 

0.495 

0.750 

0^96 

4 

0.265 

0.505 

0.760 

0^40 

t 

0.310 

0.502 

0.769 

0.954 

sd 

0.031 

0,016 

0.038 

0.094 

A 

0.070 

0035 

0.085 

0.220 

JF2 

16-22 

1 

0.600 

0.756 

0.805 

0.970 

2 

0.560 

0.635 

0.800 

o.sso 

3 

0.525 

0.645 

0.775 

0.865 

4 

0.445 

0600 

0.785 

0.960 

X 

0  532 

0.679 

0.791 

0.916 

St 

0.066 

0054 

0.014 

0.052 

A 

0.155 

0  120 

0  030 

0.105 

J  F3 

16-22 

1 

0.550 

0  690 

0,795 

0975 

2 

0.530 

0  635 

0.820 

0.935 

3 

0555 

0  565 

0.815 

0900 

4 

0.510 

0.5T0 

0840 

0930 

I 

0.536 

0  615 

0818 

0.935 

St 

0.021 

0  059 

0.018 

0.031 

A 

0.045 

0  120 

0045 

0.075 

J  FS 

l«-22 

1 

0510 

0.600 

0  765 

0.930 

2 

0.480 

0595 

0  750 

0.940 

3 

0.465 

0,505 

0  800 

0.990 

4 

0  465 

0  560 

0.815 

0.975 

i 

0  480 

0.5a5 

0,782 

0.959 

sd 

0.021 

0018 

0,030 

0.028 

A 

0  045 

0.040 

0  065 

0.060 

RrpeatabUtey 

ReprxiducibiUty 

bettLeen  ,1  i 

cyUndtrt 

(avg.  spread) 

I  Vox 

Aberuesn 

OLM  cylinder  ualtte) 

A  sd 

All  FueU 

Cat  FI  JP  4 

JP  7  ( 

CT  JP  4 

X  M«a  A 

FV 

4-9 

Oin  0.04« 

0  054  0  053 

0.194 

0.013 

0.078 

J 

16-22 

0  075  0.0,34 

0.056  0.094 

0.0.J6 

0043 

0.057 
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To  summarize  and  provide  an  overview  of  the  test  data,  such  that  a  quick  comparison  of  the  two  surface 
finishes  could  be  made,  average  spread  and  maximum  differences  between  average  cylinder  WSD  were 
calculated  for  each  fuel  type.  Average  spread  was  determined  by  averaging  the  deltas  (highest  WSD  - 
lowest  WSD)  from  each  of  the  four  BOCLE  runs  performed  on  each  fuel  for  each  of  the  three  4  to  9  min. 
cylinders.  This  average  spread  was  then  compared  to  that  calculated  for  the  16  to  22  min.  cylinders.  This 
summary  is  shown  at  the  bottom  of  Table  6.  Average  spread  was  used  as  a  means  of  assessing 
repeatability  across  the  running  surface  of  the  test  cylinders.  The  maximum  difference  between  the 
average  cylinder  WSD  was  used  to  evaluate  reproducibility  between  cylinders  of  the  same  surface  finish. 
Although  the  test  results  indicated  that  the  4  to  9  min.  FV  cylinders  were  somewhat  superior  to  that  of  the 
16  to  22  min.  J  cylinders,  the  desired  precision  was  not  achieved  by  either  surface  finish.  The  overall 
repeatability  of  this  .series  of  tests  was,  in  fact,  worse  than  the  preceding  series  of  tests  whereby  the 
surface  finish  specifications  had  not  been  met.  The  data  was,  therefore,  once  more  considered 
inconclusive. 

A  tighter  controlled  test  plan  was  devised  in  an  effort  to  eliminate  any  unknown  variables  which  may 
have  contnbulul  U  die  uata  scatter  encountered  in  the  former  senes  of  BOCLE  tests.  In  the  subsequent 
third  set  of  tests,  two  FV  4  to  9  min.  cylinders  were  compared  to  two  J  16  to  22  min.  cylinders.  In 
contrast  to  the  former  surface  finish  evaluations,  the  same  operator  performed  all  test  runs.  Periods  ot 
interruption  in  the  completion  of  the  test  mau-ix  were  minimized.  All  runs  were  restricted  to  a  single 
BOCLE  unit,  whereas  previous  testing  had  been  conducted  simultaneously  on  two  separate  InterAv 
BOCLE  units.  Spacing  of  run  tracks  was  also  a  concern.  The  previous  series  of  tests  were  characterized 
by  relatively  close  spacing  (0.5  mm)  between  run  tracks  on  the  test  cylinder.  There  was  some  concern 
that  localized  heating  and  surface  deformation  caused  by  a  previous  run  may  have  some  effect  on  a 
succeeding  run.  The  follow-up  series  of  tests  used  0.75  mm  spacing  between  tracks.  These  tests  were 
performed  in  triplicate  using  three  of  the  four  original  test  fluids.  The  results  of  this  third  series  of  tests 
are  shown  in  Table  7. 

Repeatability  was  again  related  to  the  average  spread  observed  inclusive  of  all  fuels.  In  a  similar  manner, 
reproducibility  from  cylinder  to  cylinder  was  related  to  the  maximuin  difference  calculated  between 
average  cylinder  WSD.  Table  7  shows  that  there  was  some  improvement  in  repeatability  of  the  4  to  9 
min.  cylinders  based  on  the  average  spread.  Reproducibility  also  showed  improvement.  However,  in  this 
case  only  two  cylinders  of  each  surface  finish  were  evaluated  which  inherently  biases  comparison.  The 
conclusions  afforded  by  the  test  results  were  disappointing  in  that  the  desired  repeatability  required  for 
selection  of  an  optimum  surface  finish  still  had  not  been  achieved. 

33  FALEX  RING  INVESTIGATION 

A  comprehensive  investigation  of  the  Falex  Ring  resulted  from  the  inability  to  identify  an  optimum 
surface  finish  or  a  source  for  reliable  repeatable  conventional  BOCLE  test  cylinders.  The  results  of  this 
investigation  are  discussed  in  the  following  paragraphs. 

Table  8  shows  data  generated  in  a  preliminary  invc.stigation  of  the  Falex  Ring.  The  purpose  of  this 
preliminary  investigation  was  to  determine  the  merit  of  conducting  a  full-scale  evaluation  of  the  Falex 
Ring  as  a  potential  candidate  for  replacing  the  conventional  test  cylinder.  As  shown  in  Table  8,  the  test 
data  were  very  promising.  Repeatability  across  the  running  surface  was  excellent.  Little  variation  from 
iii>K  to  ring  wa.i  observed  for  the  three  rings  tested.  Tnc  desired  differentiation  between  fuel  types  was 
apparent  and  the  size  of  the  wear  scar  exhibited  little  influence  on  data  scatter. 
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TABLE  7 

EFFECT  OF  CYLINDER  SURFACE  FINISH-  PART  III 


Wear  Scar  Diameter,  mm 


Cyl  So. 

SF  (iiin  ) 

Run  No 

hopar  M 
DC14A 

JP  4 

■JP-7 

FV25 

4-9 

1 

0.315 

0.495 

0.595 

2 

0.355 

0.470 

0.670 

3 

0320 

0.460 

0.665 

I 

0.330 

0.475 

0.643 

St 

0.022 

0.018 

0.042 

A 

0.040 

0.035 

0.075 

F\'13 

4-9 

1 

0.330 

0.570 

0.720 

2 

0.295 

0.460 

0.730 

3 

0.310 

0.410 

0.620 

i 

0.312 

0.480 

0.690 

at 

0  018 

0.082 

0.061 

A 

0.035 

0.160 

0.110 

J-F2 

16-22 

I 

0.460 

0.625 

0.800 

2 

0.470 

0.680 

0.785 

3 

0.455 

0.670 

0.760 

x 

0.462 

0.658 

0.782 

ad 

0.008 

0.029 

0.020 

A 

0.015 

0.055 

0.040 

JF3 

16-22 

1 

0.440 

0.505 

0.785 

2 

0.4i)6 

0.855 

0.775 

3 

0.450 

0.485 

0.820 

z 

0.452 

0.615 

0.793 

at 

0.013 

0.208 

0.024 

A 

0.025 

0.370 

0.045 

FV 

J 


Repeatability 
(aug.  spread) 
A  td 
All  FueU 


Reproducibility  between  2  cylindert 
(Max.  Cibelween  avg  cylinder  value) 


Cal  Fluid 


JP4 


JP  7 


4-9 

16-22 


0.078 

0.092 


0.041 

0.050 


0.018 

0.010 


0.005 

0.043 


0.047 

0.011 


The  wear  scar  generated  on  the  Falex  Ring  was  found  to  be  well-defined.  Measurement  of  the  wear  scar 
was  considerably  less  subjective  than  that  of  the  conventional  BOCLE  cylinder.  Figure  2  illustrates  the 
irregular  and  jagged  wear  scars  produced  by  the  conventional  cylinders  for  three  typical  jet  fuels.  Unlike 
these  ill-defined  scars,  the  Falex  Ring  scars  were  well-defined,  symmetrical  ellipses.  Harsh  fluids,  which 
in  the  past  were  found  to  be  nnnreprtxluciblc  as  a  result  of  the  scatter  induced  by  large  wear  scars,  were 
found  to  show  excellent  repeatability.  Based  on  these  preliminary  results,  it  was  concluded  that  the  Falex 
Ring  appeared  to  enhance  test  precision  and  merited  a  full-scale  investigation. 
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TABLE  8 

PRELIMINARY  FALEX  RING  EVALUATION 


Run  -Vo. 

Wear  Scar  Diameter, 

mm 

JP  7 
Tank  2 

Itopar  M 
DCI  4A 

JP  4 
Tank  1 

CT 

JP4 

JP8 

WPAFB 

1 

0.680 

0.520 

0.545 

0.935 

0.550 

2 

0.680 

0.515 

0.550 

0.905 

0.560 

3 

0.686 

0.520 

0.545 

0.880 

0.540 

x 

0.682 

0518 

0.547 

0.907 

0.550 

sd 

0.003 

0.003 

0.003 

0.028 

0.010 

A 

0.006 

0.005 

0.005 

0.055 

0.020 

1 

« 

0.680 

0.520 

0.565 

0.905 

0.560 

2 

0.685 

0.530 

0.555 

0.915 

0.555 

3 

0.685 

0.505 

0.550 

0.895 

0.556 

X 

0.683 

0.518 

0.557 

0.905 

0.557 

td 

0.003 

0.013 

0.008 

0.010 

0.003 

A 

0.005 

0.025 

0.015 

0.020 

0  005 

t 

0.680 

0.515 

0.565 

0.935 

0.560 

2 

0.675 

0.510 

0.565 

0.945 

0.555 

3 

0  680 

0.510 

0.550 

0.930 

0.546 

X 

0.678 

0.512 

0.560 

0.937 

0.553 

•d 

0.003 

0.003 

0.009 

0.008 

0.008 

A 

0.005 

0.005 

0.015 

0.015 

0015 

RtpeatabUity 

Reproducibility  betuieen  3  nngt 

(out-  sprtad) 

(Max.  ^between  avg.  nng  value) 

A  $d 

AU  Fuel*  JP-7 

Cal  Fluid 

JP-4 

CT  JP-4 

JP8 

0.014  0.009  0.006 

0.006 

0.013 

0.032 

0.007 

Applied  Load  —  500  g 

Falex  Ring  Specification 
Material;  SAE  8720 
Hardneea:  58-62  Rc 

Surface  Finuh:  20-30  pin. 

Mate 


Table  9  lists  the  data  from  BOCLE  tests  performed  on  four  different  production  lots  of  Falex  Rings.  The 
data  summarized  at  the  bottom  of  Table  9  present  an  assessment  of  the  Falex  Ring  in  terms  of  both 
repeatability  and  reproducibility  between  material  lots.  The  data  generated  exhibited  excellent 
repeatability  across  the  running  surface  of  any  given  test  ring,  within  any  given  lot,  for  all  fuel  types 
tested.  The  loss  of  repeatability  and  introduction  of  data  scatter  with  increasing  fuel  harshness,  as 
typically  experienced  with  conventional  BOCLE  cylinders,  was  not  exhibited  by  the  Falex  Ring. 

The  Falex  Ring  also  exhibited  excellent  lot  to  lot  reproducibility.  Figure  3  illustrates  the  minimal 
variation  in  Falex  lots.  In  this  plot,  the  average  WSD  for  each  lot  is  shown  as  a  function  of  fuel  type.  The 
average  WSD  for  the  f^our  differed  by  a  maximum  of  only  0.006  to  0.020  mm  for  the  four 
high-io-intermediate  lubricity  level  fluids.  The  maximum  variation  between  averages  of  the  four  lots  was 
only  0.028  mm  for  the  harshest  of  the  test  fluids  (CT  JP-4).  Small  standard  deviations,  calculated  for  all 
runs  performed  on  each  test  fluid,  indicate  a  very  close  grouping  about  the  means. 
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Based  on  the  average  WSD  for  the  36  runs  made  on  each  of  the  test  fluids,  the  fluids  shown  in  Table  9 
were  grouped  in  order  of  descending  lubricity  levels.  The  relative  ranking  of  the  fluids  in  terms  of 
decreasing  fuel  lubricity  (increasing  WSD)  were  as  follows;  Isopar  M  +  30  ppm  DCI-4A  (0.504)  >  JP-4 
(0.552)  /  JP-8  (0.556)  >  JP-7  (0.684)  >  CT  JP-4  (0.917).  Discrimination  between  JP-4  and  JP-8  was  not 
obvious.  WSD  differed  by  only  0.006  mm,  which  is  well  within  the  repeatability  of  the  test.  There  is  no 
data  bank  currently  available  which  characterizes  the  lubricity  properties  of  JP-8.  However,  the  data  bank 
generated  for  the  remaining  test  fluids  indicates  that  the  Falex  Ring  provides  good  differentiation 
between  fuel  types  of  known  lubricity  levels. 

As  a  cursory  check  on  quality  control,  six  Falex  Rings  were  analyzed  to  confirm  that  specification  limits 
had  been  met  during  production.  Surface  finishes  and  hardness  all  fell  within  a  tight  tolerance  band 
conforming  to  specification. 

3.4  INTERLABORATORY  EVALUATION  OF  THE  FALEX  RING 

Results  from  the  five  laboratories  completing  the  Falex  Ring  Round  Robin  are  shown  in  Tables  10 
through  13.  One  laboratory  ,  due  to  a  shcrugc  in  <.va>i.<u'c  manpower,  was  able  to  evaluate  only  one  ring 
per  material  lot  for  each  of  the  three  different  lots.  The  remaining  laboratories  evaluated  two  rings  from 
each  lot.  The  mean,  standard  deviation,  and  range  are  shown,  as  a  function  of  fuel  type,  for  each 
laboratory.  This  serves  to  provide  a  cursory  assessment  of  repeatability  and  reproducibility  among 
laboratones. 
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TABLE  9 

REPRODUCIBILITY  BETWEEN  FALEX  LOTS 


Ring  iVo 

Run  No 

Wear  Scar 

Dmmettr, 

miD 

liopnr  M 

JP  4 

JP  8 

JP  7 

CT 

JP  4 

K  1 

1 

0.490 

0.525 

0.535 

0.670 

0.885 

2 

0.475 

0,523 

0.535 

0.665 

0.905 

3 

0.470 

0.530 

0.540 

0.675 

0.910 

i 

0.478 

0.527 

0.537 

0.670 

0.900 

»d 

0010 

0.003 

0.003 

O.OOS 

0  013 

mu.  A 

0.020 

0  005 

0.005 

0.010 

0.025 

K  2 

1 

0  500 

0  540 

0.555 

0.675 

0.890 

2 

0  505 

0  550 

0.555 

0.695 

0.895 

3 

0.510 

0.555 

0.550 

0.695 

0.930 

i 

0.505 

0.548 

0.553 

0.688 

0.906 

•d 

0.005 

0.008 

0.003 

0.012 

0022 

max.  A 

0.010 

0.015 

0.005 

0.020 

0.040 

K-3 

1 

0.486 

0.565 

0  545 

0  680 

0910 

2 

0.510 

0.570 

0.575 

0.695 

0.920 

3 

0.515 

0.565 

0.570 

0.695 

0.900 

i 

0.503 

0.567 

0.563 

0.690 

0.910 

»d 

0.016 

0.003 

0.016 

0,009 

0  010 

max.  A 

0.030 

0.005 

0.030 

0,015 

0.020 

L-1 

1 

0.510 

0.5.50 

0.555 

0.670 

0.895 

2 

0.485 

0550 

0.545 

0,675 

0.910 

3 

0.505 

0.555 

0  565 

0.665 

0.920 

X 

0.500 

0,552 

0  555 

0,670 

0.908 

sd 

0.013 

0.003 

0.010 

0.005 

0.013 

max.  A 

0.025 

0.005 

0.020 

0.010 

0.025 

L-2 

1 

0.500 

0.540 

0.555 

0,680 

0  900 

2 

0.500 

0.560 

0  565 

0.700 

0  900 

3 

0.490 

0.560 

0  555 

0  690 

0.930 

i 

0.497 

0.553 

0  558 

0.690 

0.910 

•d 

0.006 

0.012 

0.006 

0.010 

0.017 

maz.  A 

0.010 

0.020 

0.010 

0.020 

0.030 

L-.) 

1 

0.500 

0.540 

0.565 

0.685 

0.925 

0 

0.495 

0.550 

0  565 

0  710 

0.910 

3 

0.505 

0.550 

0.565 

0.690 

0.930 

K 

0.500 

0.547 

0.565 

0.695 

0.922 

sd 

0.005 

0.006 

0.000 

0  013 

0  010 

max.  A 

0.010 

0.010 

O.fXM) 

0  025 

0  020 

Ml 

1 

0.525 

0,550 

0545 

0.680 

0.915 

O 

0  480 

0.555 

0.580 

0.680 

0.905 

3 

0  505 

0.545 

0.550 

0.670 

0.905 

X 

0..503 

0.550 

0.558 

0,677 

0.908 

«d 

0  023 

0.005 

0.019 

0.006 

0.006 

max.  A 

0.045 

0.010 

0,035 

0.010 

0.010 

M2 

1 

0.500 

0  555 

0  550 

0  B75 

0.925 

2 

0.530 

0.580 

0-555 

0.690 

0.950 

3 

I)  520 

0.565 

0  560 

0,690 

0.935 

X 

0517 

0.567 

0.555 

0.685 

0.937 

•d 

0.015 

0.013 

0.005 

0.009 

0.013 

max.^ 

0.030 

0.025 

0.010 

0.015 

0.025 

TABLE  9 

REPRODUCIBILITY  BETWEEN  FALEX  LOTS  (CONTINUED) 


Wear  Scar  Diameter. 

mm 

Ring  No. 

Run  No. 

hopar  M 
*DCI-4A 

JP  4 

JP  8 

JP  7 

CT 

JP4 

M3 

1 

0.500 

0.555 

0.580 

0.695 

0.945 

2 

0.490 

0.545 

0.550 

0.695 

0.980 

3 

0.505 

0.555 

0.565 

0.705 

0.935 

1 

0.498 

0.552 

0.565 

0.698 

0.953 

sd 

0.008 

0.006 

0.015 

0.006 

0.024 

max.A 

0.015 

0.010 

0.030 

0.010 

0.045 

MX-3 

1 

0.520 

0.545 

0.550 

0.680 

0.935 

2 

0.515 

0.550 

0.560 

0.680 

0.905 

3 

0.520 

0.545 

0.540 

0.685 

0.880 

X 

0.518 

0.547 

0.550 

0.682 

0.907 

fld 

0.003 

0.003 

0.010 

0.003 

0.028 

max.  A 

0.005 

0.005 

0.020 

0.005 

0055 

MX  4 

1 

0.520 

0.565 

0.560 

0.680 

0.905 

2 

0.530 

0.555 

0.555 

0.685 

0.915 

3 

0.505 

0.550 

0.555 

0,685 

0.895 

i 

0.518 

0.557 

0.557 

0.683 

0.905 

9d 

0.013 

0.008 

0.003 

0,003 

0.010 

max.  A 

0.025 

0.015 

0.005 

0.005 

0.020 

MX  5 

1 

0.515 

0.565 

0.560 

0.680 

0.935 

2 

0.510 

0.565 

0.555 

0675 

0.945 

3 

0.510 

0.550 

0.545 

0.680 

0.930 

i 

0.512 

0.560 

0.553 

0,678 

0.937 

sd 

0.003 

0.009 

0.008 

0.003 

0.008 

max.A 

0.005 

0.015 

0.015 

0.005 

0.015 

Lot  avg. 

K 

0.496 

0.547 

0.551 

0.683 

0,905 

L 

0.499 

0.551 

0.559 

0,685 

0.913 

M 

0.506 

0.556 

0.559 

0.687 

0.933 

MX 

0.516 

0.553 

0.553 

0.681 

0.916 

All  runs 

i 

0.504 

0.552 

0.556 

0.684 

0.917 

All  runs 

sd 

0.015 

0.012 

0.011 

0.011 

0.021 

Lot- Lot 

max.A* 

0.020 

0.009 

0.008 

0.006 

0.028 

*CaJcukted  on  average  value  for  each  lot. 

Summary  of  Test  Matrii 
No.  of  Iota  evaluated:  4 
No.  of  nngs/lot:  3 
No.  of  fuel  samples:  5 
No.  of  runa/fu«l  sample:  36 
No.  of  total  runs:  180 

Special  Test  Conditions 
Applied  load:  500  g 
Falex  Ring  Specification 
Material:  SAE  3720 
Hardness:  58-62  Rc 

Surface  rinish:  20-30  uin.  _ _ 

smsc 
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Lot  /iin|  Run  Pnut  Wootiword  RoUt 


0«i«,  So  No 

Whi/ne\' 

Govtmor 

Chevron 

Hoyte 

wpafb 

K  I  1 

0.510 

O.SIO 

0510 

0.496 

0.500 

i 

0.485 

0.520 

0.510 

0.510 

0.505 

.1 

0.485 

0.520 

0.530 

0.507 

0.505 

2  1 

0.490 

0.520 

0  504 

0.500 

2 

0.495 

0.530 

0  481 

0.510 

3 

0.490 

0.530 

0511 

0.520 

KX  1  1 

0.500 

0530 

0510 

0499 

0.510 

2 

0.510 

0.540 

0.500 

0.506 

0.530 

3 

0.520 

0.520 

05-20 

0.468 

OilO 

1 

0.490 

0.510 

0479 

0.525 

2 

0.506 

0.510 

0.501 

0490 

3 

0.515 

0.520 

0.473 

0515 

L  I  1 

0.475 

0.530 

O.ilO 

0  476 

0530 

2 

0485 

0530 

0.520 

0.500 

0.510 

3 

0  486 

0.540 

0.540 

0.515 

0.525 

2  1 

0520 

0.530 

0  477 

0515 

2 

0  525 

0540 

0.521 

0.490 

3 

0.515 

0520 

0,501 

0.525 

MiPtn 

0.500 

0525 

0.517 

0.497 

0512 

Sundird  DeM«tK)n 

0.015 

0.010 

0  012 

0.015 

0.012 

R«ni* 

0  0,50 

0  0.30 

0  040 

0.048 

0  040 

vote 
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TABLE  11 


FALEX  RING  ROUND  ROBIN  RESULTS  FOR  JP-4 


Lot 

Ring 

/Vo 

Run 

/Vo. 

Prof/ 

tVhifnev 

Woodward 

Governor 

Chevron 

RolU 

Wr>AFB 

K 

1 

1 

O.Sd6 

0.570 

0.590 

0.586 

0.666 

2 

0.56A 

0.570 

0.580 

0.595 

0.560 

3 

0.566 

0.580 

0.570 

0.597 

0.555 

2 

1 

0  560 

0  570 

0.564 

0  560 

2 

0.375 

0.570 

0.568 

0.570 

3 

0.570 

0.570 

0.585 

0.575 

KX 

1 

1 

0.655 

0  600 

0.580 

0.616 

0.575 

2 

0.565 

0.580 

O  570 

0.553 

0.566 

3 

0.555 

0.600 

0.590 

0.593 

0.560 

2 

1 

0.575 

0.590 

0.580 

0.540 

2 

0.560 

0.590 

0.570 

0.566 

3 

0  560 

0.590 

0.588 

0.555 

L 

1 

1 

0.545 

0.590 

0.590 

0.582 

0.585 

2 

0  555 

0.580 

0.580 

0.577 

0.565 

3 

0.565 

0.570 

0.580 

0  561 

0.565 

2 

1 

0.570 

0  570 

0.584 

0.570 

2 

0.570 

0.580 

0.567 

0.555 

3 

0.575 

0.580 

0.581 

0.575 

Mma 

0.564 

0.581 

0..S8I 

0.580 

0.564 

StAndard 

Deviation 

0.008 

0.01 1 

0.008 

0.015 

0.010 

RanK« 

0.030 

0.030 

0.020 

0.063 

0.045 

Maac 


TABLE  12 

FALEX  RING  ROUND  ROBIN  RESULTS  FOR  ISOPAR  M 


Lot 

De%\fi 

Ring 

No 

Run 

No 

Pratt  A 
Whitr%ey 

Woodward 

Governor 

Chevron 

RolUt 

Royce 

wpafb 

K 

1 

1 

0.840 

0.840 

0  820 

0.804 

0.790 

2 

0.820 

0.860 

0.800 

0.824 

0.805 

3 

0.845 

0.860 

0  820 

0.808 

0.820 

2 

1 

0  825 

0.830 

0  827 

0.790 

2 

0.835 

0.840 

0.823 

0.826 

3 

0.830 

0830 

0  814 

0.795 

KX 

1 

1 

0.860 

0.840 

O.ftOO 

0.862 

0.820 

2 

0  840 

0.860 

0.800 

0.803 

0.810 

3 

0.845 

0.860 

0.810 

0.855 

0.79rf 

2 

1 

0.860 

0.840 

0.829 

0.796 

2 

0.846 

0.840 

0.800 

0.810 

3 

0.S40 

0.840 

0.833 

0.830 

1- 

1 

1 

0.840 

0.840 

0  830 

0.826 

0.815 

2 

0.855 

0  850 

0.820 

0.812 

0790 

3 

0.865 

0.850 

0.820 

0.824 

0-796 

2 

1 

0.810 

o.aso 

0.812 

0.800 

2 

0.810 

0.850 

0.817 

0.820 

3 

0.830 

0.860 

0.020 

0.790 

Mean 

0  838 

0-846 

0  813 

0.822 

0.805 

Standard 

Deviation 

0  014 

0  010 

0.011 

0.016 

0014 

Ranee 

0.060 

0  030 

0.030 

0.062 

0.040 

TABLE  13 

FALEX  RING  ROUND  ROBIN  RESULTS  FOR  CLAY  TREATED  SHALE  JP-4 


Lot 

Desi4i. 

Ring 

No. 

Run 

No. 

Pratt  & 
Whitney 

Woodward 

Governor 

Chevron 

wpafb 

K 

t 

1 

0.8S5 

0.900 

0.930 

0.777 

0.800 

2 

0.8SS 

0.910 

0  900 

0.815 

0.796 

3 

0.835 

0.920 

0.890 

0.847 

0.785 

2 

1 

0.865 

0.930 

0.844 

0.740 

2 

0.835 

0.910 

0.823 

0.790 

3 

0.825 

0.930 

0.773 

0.775 

KX 

1 

1 

0.860 

0.920 

0.844 

0.775 

2 

0.830 

0.890 

0.880 

0.815 

0.765 

3 

0.825 

0.920 

0.880 

0.851 

0.760 

2 

t 

0.870 

0.930 

0.833 

0.740 

2 

0.850 

0.920 

0.854 

0.735 

3 

0.845 

0.910 

0.839 

0.745 

L 

1 

t 

0.865 

0.920 

0.930 

0.819 

0.730 

2 

0.846 

0.910 

0.860 

0.810 

0.715 

3 

0.845 

0.920 

0.940 

0.840 

0.710 

2 

t 

0.820 

0.900 

0.822 

0.760 

2 

0.830 

0.910 

0.812 

0.760 

3 

0.830 

0.910 

0.856 

0.750 

Me«n 

0.843 

0.914 

0.901 

0.826 

0.757 

Sundard  Oeviation 

0.015 

0.011 

0.029 

0.024 

0.026 

Range 

0.050 

0.040 

0.080 

0.083 

0.090 

SOOIC 


A  staiislical  analysis  was  performed  on  ihe  raw  test  data  using  a  Statistical  Analysis  System  (SAS) 
computer  software  package  and  the  general  linear  models  procedure.  The  procedure  used  in  the  statistical 
analysis  was  as  outlined  in  the  "Manual  On  Determining  Precision  Data  for  ASTM  Methods  on 
Petroleum  Products  and  Lubricants  (RR-D-2-1007)."  Statistically,  a  model  was  designed  to  assess  the 
effect  of  the  Falex  Ring  on  test  method  precision.  The  model  considered  all  effects  (independent 
variables)  encountered  in  the  performance  of  the  inlcrlaboratory  round  robin.  Constfuction  of  the  motlel 
considered  primary  effects  (labs,  fuels,  lots,  rings)  and  indirect  effects  or  interactions  (lab*fucl,  lab*lot, 
etc.). 


Therefore, 

Falex  Ring  Lubricity  Model  Primary  Effects  +  Interactions 

-  Labs  +  Lots  +  (l.ab'^Loi)  +  Rings  +  (Lah*Ring)  +  Fuels  +  (Lab*Fucl) 

+  (Lol*Fucl)  +  (Ring’Fucl)  +  (Lab*Lot*Fucl)  +  (Lab*Ring*Fuel) 

The  general  linear  models  procedure  was  used  to  determine  deviations  from  the  model.  This  process  is 
based  on  laboratory  observations  and  model-predicted  values.  From  these  deviations,  differences  in  the 
levels  of  the  effects  (both  primary  and  interactions)  were  analyzed.  Null  and  alternative  hypotheses  were 
formulated  to  evaluate  the  performance  of  the  Falex  Ring.  Probability  testing  involved  comparison  by 
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SAS  of  a  calculated  F  value  to  that  of  a  critical  F  value.  If  the  probability  of  observing  the  calculated  F 
value  was  small,  or  F  itself  was  large,  then  the  null  hypothesis  was  rejected.  It  was,  therefore,  concluded 
that  a  stati.stically  significant  difference  existed  to  support  the  alternative  hypothesis.  Conclusions,  based 
on  .statistical  analysis  of  the  raw  data,  are  discussed  in  the  following  paragraphs. 

There  appeared  to  be  no  significant  difference  between  Falex  Ring  material  lots,  nor  any  interactions 
between  lot  and  other  independent  variables.  Since  all  lot  effects  and  interactions  appeared  to  have  no 
significant  contribution  to  the  model,  all  lots  were  considered  identical,  and  the  lot  effect  and  lot 
interaction  terms  were  dropped  from  the  model.  The  model,  consequently,  was  reduced  to; 

Falex  Ring  Lubricity  Model  =  Labs  +  Rings  +  (Lab*Ring)  +  Fuels  +  (Lab*Fuel) 

+  (Ring*Fuel)  +  (Lab*Ring*Fuel) 

From  the  reduced  model,  an  analysis  of  variance  using  the  general  linear  models  procedure  in  SAS  was 
performed.  Ba.sed  on  this  test,  it  was  concluded  that:  (1)  there  was  a  statistically  significant  difference  in 
the  four  fuels  as  measured  by  the  Falex  Ring,  (2)  there  was  a  significant  difference  between  at  least  two 
laboratories  measuring  the  CT  JP-4  .sample,  and  (3)  there  was  no  apparent  difference  in  rings  from  ring  to 
ring. 

The  aforementioned  statistical  tests  were  directed  at  the  primary  effects  influencing  the  Falex  Ring 
Lubricity  Model.  Interaction  terms  were  evaluated  similarly  and  were  concluded  to  be  insignificant. 
Hence,  secondary  effects  involving  interactions  between  rings  and  fuels  and  between  rings  and 
laboratories  were  also  eliminated  from  the  equation.  Since  there  was  shown  to  be  no  significant 
difference  in  rings,  the  ring  term  was  eliminated  from  the  Falex  model  along  with  the  ring  interaction 
terms.  As  a  consequence,  the  model  was  reduced  to: 

Falex  Ring  Lubricity  Model  =  Labs  +  Fuels  +  (Lab*Fuel) 

Examination  of  data  dispersion  showed  that  CT  JP-4  occurred  at  three  distinct  levels,  as  opposed  to  one 
unique  level.  As  a  result  of  this  inconsistency,  the  entire  statistical  analysis  was  repeated  considering  only 
the  three  remaining  fuel  types.  The  F  values  for  tests  which  yielded  significant  F  values  previously,  were 
still  significant  after  removal  of  the  CT  JP-4  data.  Therefore,  after  elimination  of  the  CT  JP-4  data,  the 
previous  conclusions  were  unchanged. 

A  further  analysis  was  performed  to  provide  additional  information  on  the  effect  of  fuel  type  on 
reproducibility  of  data  between  laboratories.  In  this  analysis,  the  mean  WSD  was  determined  for  all  runs 
as  a  function  of  fuel  type,  rings,  and  lots  for  each  laboratory.  The  mean  WSD  as  shown  in  Tables  10 
through  1 3  for  each  laboratory  were  used  in  calculating  the  intcrlaboratory  range  for  specific  fuel  types. 
This  range  was  used  to  determine  if  there  was  an  interaction  between  laboratory  and  fuel  type.  It  was 
already  determined  statistically  that  an  interaction  between  laboratory  and  fuel  type  was  apparent  with 
the  CT  JP-4  sample.  This  was  supported  by  concern  voiced  by  the  supplier  of  the  CT  sample  during  the 
course  of  the  round  robin.  Because  the  five  CT  samples  were  drawn  from  the  bottom  of  a  55-  gallon  drum 
on  different  days  over  a  period  of  4  to  6  weeks,  there  was  considerable  doubt  that  the  samples  had 
identical  compositions.  Based  on  the  range  of  WSD  exhibited  by  the  remaining  fuels,  little  interaction 
between  fuel  type  and  laboratory  were  noted.  Differences  in  average  values  for  fuel  types  between  all 
laboratories  were  as  follows;  Isopar  M  +  DC1-4A,  0.028;  JP-4,  0.017;  neat  Lsopar  M,  0.041;  and  CT  JP-4, 
0.157. 

Elimination  of  the  CT  sample  data,  and  a  determination  that  an  intcrlaboratory  range  of  up  to  0.041  was 
acceptable,  would  further  reduce  the  practical  mcxlcl  to: 

Falex  Ring  Lubricity  Modcl=  Fuel 
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The  slalisiical  model,  therefore,  indicates  that  in  theory,  the  Falex  Ring  measurement  is  a  direct  function 
of  fuel  lubricity. 

A  precision  statement  was  calculated  using  the  equations  set  forth  for  repeatability  and  reproducibility  in 
"Manual  On  Determining  Precision  Data  For  ASTM  Methods  On  Petroleum  Products  and  Lubricants  (RR 
0-2-1007)."  The  procedure  consists  of  estimating  variance  components  from  a  two-way  analysis  of 
variance.  It  is  performed  with  regard  for  substitutions  made  for  missing  or  outlying  values.  These 
components  are  then  combined  to  provide  estimates  of  repeatability  and  reproducibility  variances.  These 
terms  provide  a  measure  from  which  no  two  successive  data  points  should  differ  within  a  laboratory,  in 
the  case  of  repeatability,  or  between  laboratories  when  referencing  reproducibility. 

For  lubricity  measurements  inclusive  of  all  fuel  types; 

Repeatability,  r=  0.042 

Reproducibility,  R  =  0.262 

For  lubricity  measurements  excluding  the  CT  JP-4  sample; 

Repeatability,  r=  0.035 
Reproducibility,  R  =  0. 108 

3,5  FALEX  RING  LUBRICITY  VALUES  FOR  TYPICAL  JET  FUELS 

Commencing  with  the  preliminary  investigation  and  maintained  throughout  the  remainder  of  this  test 
program,  all  incoming  fuel  samples  to  the  P&W  facilities  were  monitored  using  the  Falex  Ring.  Fuel 
samples  were  obtained  from  on-going  engine  tests  and  weekly  sampling  of  on-site  fuel  storage  tanks,  and 
from  a  number  of  fuels  of  varying  origin  and  types  from  foreign  and  domc.stic  air  bases.  These  data  were 
used  to  initiate  a  data  base  for  establishing  Falex  Ring  lubricity  values  for  typical  jet  fuels.  This  limited 
data  bank  also  encompasses  the  data  generated  during  the  mini-round  robin  and  is  considered 
representative  of  expected  values.  Nominal  WSD  and  those  WSD  which  are  speculated  to  be  marginal  for 
typical  jet  fuels  arc  shown  in  Table  14  and  Figure  4. 


TABLE  14 

FALEX  RING  LUBRICITY  VALUES  FOR  TYPICAL  JET  FUELS 


Futl  Type 

Nomtnal  WSD.  mm 

.'Marginal  WSD.  mm 

JP-4 

0.550 

0,600 

JP-,5 

0.510 

0.600 

JP-7 

0.690 

0.740 

Jet  A 

0.510 

0.600 

•JP-8 

0.560 

0.600 

CT  JP-  t 

0920 

CaJibratin(  Fluid  leopar  M  ♦30  ppm 

DC1-4A 

F»le»  Ring  DMmed  AccepUOle  With 

a  Generated  WSD  of 

0.500  ±0,020 

mm. 

JP-8  NominaJ  WSD  vaiues  based  on 

limited  data 

MUIC 
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1.0 


WSD  -  mm 


Ref  Fluid  JP-5 


JP-7  CT  JP-4 


Fuel  Type 


Figure  4.  -  Nominal  Falex  Ring  Lubricity  Values  for  Typical  Jet  Fuels 


3.6  TEST  BALL  INVESTIGATION 


The  daia  in  Tabic  15  show  ihc  influence  that  the  source  of  ihe  test  ball  can  have  on  the  size  and 
repeatability  of  the  BOCLE  wear  scar.  BOCLE  tests  indicated  that:  (1)  the  Winstead  ball  was  unable  to 
differentiate  between  JP-4  and  JP-7,  and  only  marginally  between  JP-7  and  the  Isopar  M  /  DCI-4A 
reference  tluid;  (2)  the  Winstead  ball  consistently  produced  lower  WSD  for  all  fluids;  (3)  the  Falex, 
Atlas,  and  Swedish  balls  produced  c.sseniially  the  .same  average  WSD  for  each  specific  fuel  type;  and  (1) 
the  ball  .source  had  no  measurable  effect  on  repeatability.  Table  16  compares  the  composition  of  the  SKF 
Swedish  and  SKF  domestically  produced  0.5  inch  O.D.  test  balls. 

The  test  results  show  that  the  source  of  the  test  ball  can  have  a  significant  effect  on  the  data  generated 
during  BOCLE  operation.  Material  lots  can  vary  as  a  consequence  of  the  three  different  suppliers  of  balls 
to  the  Atlas  Division  of  SKF.  The  balls  produced  by  Winstead  Precision  Ball  Co.,  one  of  the  three 
potential  Atlas  suppliers,  were  sho'vn  to  produce  WSD  inconsistent  with  those  of  the  other  two  SKF 
suppliers. 


TABLE  15 

TEST  BALL  SOURCE  EVALUATION 


Fuel  Type 

Run  No. 

Wear  Scar  Diameter,  mm 

FaUx 

Atlas 

Swedish 

Winstead 

JP-4 

1 

0.560 

0.560 

0.560 

0.445 

2 

0.565 

0.545 

0.550 

0.435 

3 

0.560 

0.570 

0.535 

0.460 

X 

0.562 

0.558 

0.548 

0.447 

9d 

0.003 

0.013 

0.013 

0.013 

JP-7 

1 

0.690 

0.675 

0.685 

0.440 

2 

0.695 

0.690 

0.675 

0.460 

3 

0.695 

0.690 

0.690 

0.450 

X 

0.693 

0.685 

0.683 

0.450 

»d 

0.003 

0.009 

0.008 

0.010 

CT  JP-4 

1 

0.905 

0.900 

0.925 

0.700 

2 

0.950 

0.925 

0.915 

0.725 

3 

0.910 

0.905 

0.920 

0.705 

i 

0.922 

0.910 

0.920 

0.710 

•d 

0.025 

0.013 

0.005 

0.013 

laoper  M/DCI-4A 

1 

0.510 

0.510 

0.505 

0.375 

2 

0.500 

0.510 

0.500 

0.415 

3 

0.510 

0.510 

0.445* 

0.385 

i 

0.507 

0.510 

0.483 

0.392 

•d 

0.G06 

O.OvO 

0.033 

0.021 

Not*:  (1)  All  BOCLE  ninji  p«rfannad  luing  Foies  Ring. 

(2)  WinotMd  boUo  coiuiotently  lower  WSD  values. 

(3)  Winstead  balls  could  not  differentiate  between  JP-4  and  JP-7. 

•Run  suspect _ 


TABLE  16 

SKF  TEST  BALL  COMPOSITION 


SKF  (Swedish)-  SKf  (U  S  )’* 


Carbon 

0.92  — 

1.02 

0.95  - 

1.10 

Manganese 

0.95  - 

1.25 

0.25  - 

0.45 

Silicon 

0.50  - 

0.70 

0.20  - 

0.30 

Chromium 

0.90  - 

1  15 

1.30  - 

1.60 

Composition 

obtained 

from 

SKF  R&D 

(U.s. 

—%  Composition 

obtained 

trom 

Handbook 

MIL-m-2  and  verified  by  SKF  RAD  (U.a.i 


I  yvHC 
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SECTION  4.0 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  Falex  Ring  was  shown  to  significantly  enhance  BOCLE  test  precision.  Concurrent  studies  conducted 
by  Rolls  Royce,  Ltd.  in  the  United  Kingdom  also  produced  superior  test  results.  Statistical  analysis, 
performed  on  data  generated  by  a  five  member  interlaboratory  round  robin,  confirmed  a  marked 
improvement  in  test  method  repeatability  and  reproducibility  over  that  realized  by  the  conventional  AMS 
6444  BOCLE  cylinder. 

A  source  for  a  reliable  reproducible  AMS  6444  cylinder,  yielding  the  desired  precision,  does  not  appear 
obtainable  despite  vast  effort  and  expenditure  on  the  part  of  the  lubricity  community.  It  is,  therefore, 
recommended  that  the  CRC  be  urged  to  further  evaluate  the  Falex  Ring  as  an  alternative  to  the  AMS 
6444  material.  Advantages  for  incorporating  the  Falex  Ring  into  the  BOCLE  test  procedure  as  the 
standard  test  specimen  include:  definitive,  less  subjective  interpretation  of  the  wear  scar;  enhanced  test 
precision;  and  availability  at  a  low  cost. 

It  was  shown  that  the  source  of  the  test  ball  can  have  a  significant  effect  on  BOCLE  test  results.  Most 
distributors  of  balls  represent  a  composite  of  manufacturing  sources  which  is  not  conducive  to  the  goal  of 
standardization  of  the  lubricity  test  method.  SKF  precision  balls  produced  in  Sweden  are  manufactured 
under  tight  tolerances  exhibiting  little  or  no  variation  from  batch  to  batch.  It  is  recommended  that  SKF 
Swedish  12.7  mm  (0.5  in.)  ball  bearings  be  incorporated  into  the  standard  test  method.  Standardization  of 
all  critical  test  parts  and  operating  parameters  is  e,ssential  in  eliminating  extraneous  variables  suspected, 
or  known,  to  affect  test  repeatability  or  reproducibility. 

l.sopar  M  +  .^0  ppm  DuPont  DCI-4A  was  shown  to  be  a  reproducible  fluid  suitable  for  use  as  a  standard 
reference  Iluid  in  the  calibration  of  Falex  Rings. 
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APPENDIX  A 


ISOPAR  M  PROPERTY  DATA  SHEET 


TYPICAL  PROPERTIES 

The  values  shown  here  are  representative  of  current  production.  Some  are  controlled  by  manufacturing 
specifications,  while  others  are  not.  All  of  them  may  vary  within  modest  ranges. 


•ohrpoqp 

Tnt  Method 

Qpnaril  Prepprtipt  (epfii) 

Taat  Mathod 

Aniiina  point.  C(F) 

d9  (192) 

ASTM  D6n 

320- 329m 

<0.08 

Solubility  paramatar 

7.3 

Colculeud 

330-350m 

<005 

Kaun-butaAol  vakia 

2? 

ASTM  Dli33 

Color,  Sayboll 

*■30 

ASTM  DI56 

Color  aubtlity.  16  hr  at  lOOC  (212F) 

*30 

VolMHHy 

FUah  point.  PM.  C  (F) 

80  (176) 

ASTM  D93 

Gravity.  API 

492 

ASTM  D287 

Fira  pitint.  Cf>C,  C  (F) 

93  (200) 

ASTM  D92 

Specific  pavity  @  15  6/15.6C 

0784 

Calculated 

kx/m.') 

784 

Aulo  ifniliun  Umparatura.  C  (F) 

338  (6401 

ASTM  D2S6 

lb/(al 

6.53 

Calculated 

Flammability  limiia  in  air.  vol^  at  2iC 

/70F) 

06-65 

C«lculat«d 

Refractive  Index.  20C 

1.4362 

ASTM  D1218 

Uiatillalmn,  C  (FI 

ASTM  086 

Viacoaity 

ASTM  D445 

IRP 

207  (4061 

cp  at  25C 

2.46 

5Ti 

212  M13) 

cp  at  lOOC 

0.72 

213  (41S) 

cSl  at  OC 

680 

w% 

223  (434) 

cSt  at  25C 

335 

90*% 

241  (466) 

Odor.  iHjlk 

very  alight 

Exxon  Method 

95% 

247  (4761 

Odor,  raatdnal 

nuna 

Elton  Method 

Dry  (toiru 

264  (490) 

Odor  atability 

excellent 

Exxon  Meihitd 

FBI* 

260  (5001 

Fraattng  point.  C  (F)  <>60 

(<-76) 

Vapor  praaaura,  kPa  at 

4  1 

ASTM  D2MI 

Spacr/ic  heat,  fiqutd. 

Vapor  praaaura.  pata  at  lOOF 

06 

kJ/kt/C  (Blu/lb/F) 

at  I6C  i60f) 

205  (0  49) 

Catculnied  from 

CompoaMlon 

at  66C  (150P) 

2  26  (0  54) 

enthalpy  data 

Hydrocarbon  typa.  maaa  % 

at  93C  (200F) 

2  39  (0.57) 

TuUl  Mlurataa 

995 

Maia  tpactromflar 

Heat  of  vaporitation. 

Eat.  from  Maxwell'x 

Aromatka 

0.4 

UV  Analyaw 

kJ/k|  (Bui/lb) 

"Data  B«Hik  nf 

Tract  compound! 

at  lOOC  (212F) 

307  (132) 

Hydrorarbona  ‘  and 

Sulfur 

at  BP 

24  1105; 

report  of  API 

Oncior  tMt 

paaa 

A.STM  D<84 

Project  44  (1953) 

Total  sulfur,  ppm 

1 

Microcoukiroaur 

Surtaca  ProparHaa 

Ptrtixidaa.  ppm 

<1 

£aion  Malhod 

Demulsibility 

etceilent 

Exxon  Method 

Inlarftciai  lariaion. 

OpAdTOl  Prop«iil«a 

dynaa/cm  at  25C 

51  0 

ASTM  D971 

Avaraft  mularular  waifht 

191 

CryogtnK 

Surface  tenaion 

Bromtna  mdtx  (1) 

230 

ASTM  027 10 

dynta/cm  at  25C 

24  8 

du  Nuoy 

Copper  corr  ,  !/2  hr 

at  BP 

2 

ASTM  0130 

Toxicofogical  Data 

Unaulfonatad  raeidua, 

Inhalation.  TLV(2)  ppro 

300(,1) 

VI»|% 

99 +• 

ASTM  0483 

Acute  Oral  LDSO  (Rat).  g/k| 

>10 

UV  abaorbanct 

FDA  Malhod 

Acure  Dermal  LDSO  (Rabbit), 

260  :119  m 

<1.5 

21  CFR  172  882 

f/ka 

'3  1 

irxki  •  Bmrnin«  number  1000 


litTLV  i«  •  rvfwurfd  itKkmtrk  of  th«  Aravnean  Confer«nc«  of  GuvantmenuJ  Industrtat  Hypaniata.  It  it  tha  thmhoid  limit  valua  nr  uccupatHtnal  cipixur* 
limit  lha  tima  wai«htad  avtraca  concanlraticn  for  a  normal  S  hour  workday.  <0  hour  wurkwaak.  lo  which  naarly  all  wi.rkani  may  ba  aipnaad  rapcaiadly 
without  advaraa  affact  Rafar  to  tha  moat  rreant  Malarial  Safaty  Oau  Shaat  for  tha  latatt  racommandad  maKimum  axpuaura  limit. 
niA  TI.V  haa  not  baan  Mtabliahad  for  thia  product.  Tha  valua  ahown  haa  baan  racomrotndad  by  Exiun  Corporatiun  Medical  Raaaarrh  baaad  .m  cmaidar- 
- ***‘*"..“^  availaMa  toxicologrcal  dau.  Additional  data  are  bamt  obtained  to  help  deOna  a  racommandad  pccupatiunat  expoaura  limit  more  conctuaivaly. 
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APPENDIX  B 

BOCLE  MODIFICATION  FOR  LISE  WITH  FALEX  RING 

Refer  to  Figure  B-1  when  performing  the  following  steps: 

1.  Remove  the  six  Allen  screws  that  secure  the  base  plate  to  the  top  plate. 

2.  Remove  the  four  Allen  screws  that  secure  the  load  beam  pedestal  to  the  top  plate. 

3.  Insert  the  1  1/2  X  3  in.  shim  between  the  load  beam  and  the  top  plate.  Replace  the  four  Allen 
securing  screws. 

4.  Reattach  the  top  plate  to  the  base  plate. 

5.  Attach  the  ,3/4  X  3/4  in.  shim  to  the  underside  of  the  load  beam  in  such  a  position  that  the 
hydraulic  lift  plunger  meets  the  shim  when  in  the  up’  position. 

NOTE: 

Contact  cement  has  been  found  to  be  satisfactory  for  attachment  of  the  shim  to  the  load  beam. 

6.  Check  the  load  beam  balance  and  adjust  if  required. 


FO  337823 

Figure  B-1.  —  BOCLE  Modification 


EVALUATION  OF  CORROSION  INHIBITORS  AS  LUBRICITY  IMPROVERS 


Period  of  Performance 

16  February  1987  through  15  February  1988 
Reference 


Task  Order  No.  13,  Second  Interim  Report,  AF’WAL-TR-88-2036,  T.B.  Biddle,  W.H.  Edwards 


Abstract 

The  thrust  of  technical  effort  described  in  the  following  report  was  directed  at  evaluation  of  the  currently 
approved  QPL  Cl  in  terms  of  lubricity  enhancement;  establishment  ol  minimum  effective  concentrations 
for  approved  Cl;  generation  of  working  curves  to  profile  Cl  perlormance  in  jet  fuels;  development  of  an 
approach  for  incorporating  a  lubricity  requirement  into  MlL-1-25017  for  the  purpose  of  qualifying 
candidate  Cl;  refinement  of  the  RPHPLC  method  for  determining  Cl  content  in  jet  fuels;  detenninaiion  of 
applicability  of  the  RPHPLC  method  to  QPL  Cl;  and  generation  of  an  RPHPLC  spectral  library  of  QPL 
Cl  in  JP-4. 


SECTION  1.0 
rSTRODUCTION 


At  present,  the  mechanisms  associated  with  fuel  lubricity  arc  not  well  understood.  However,  it  became 
apparent  in  the  mid  1960s  that  corrosion  inhibiting  additives  arc  responsible  for  imparting  giHid  lubricity 
characteristics  to  the  fuel.  The  requirement  for  a  corrosion  inhibitor  (Cl)  was  rescinded  at  that  time, 
resulting  in  numerous  lubricity  problems.  The  requirement  for  a  Cl  was  reinstated,  and  lubricity  incidents 
were  dramatically  reduced.  It  is  now  generally  accepted  that  primarv  role  ol  a  Cl  is  lubricity 
enhancement  and  not  corrosion  inhibition. 

Fuel  lubricity  continues  to  receive  considerable  attention  and  concern  in  response  to  reports  of  lubricity 
related  incidents.  During  the  first  eight  months  of  1986  alone,  the  U.S.  Air  Force  experienced  operational 
problems  with  30  TF30  engine  hydraulic  fuel  pumps  in  F-111  aircraft  Hying  out  ol  Cannon  Air  Force  Base. 
The  Oklahoma  City  Air  Logistics  Center  (OC-ALC)  investigated  the  incidents  and  determined  that  the 
problem  was  due  to  sensitivity  of  the  pump  to  the  lubricity  of  the  fuel.  The  investigation  also  revealed 
that  the  same  Cl  was  u.scd  in  each  case.  Addition  of  a  different  Cl  at  the  luci  terminal  resulted  m 
preventing  further  cKCurrenccs  of  excessive  wear.  No  reports  of  pump  failures  have  occurred  since  the 
change  was  made  (Ref.  1 ). 

Similar  lubricity  problems  have  been  reported  at  other  liKations.  In  response  to  these  incidents,  the  Air 
Force  initiated  a  program  to  evaluate  the  Cls  qualified  under  MIL- 1 -2501 7D  for  their  enectivcness  as 
lubricity  enhancers  in  aviation  turbine  fuels.  The  intent  of  this  effort  was  to  modily  the  Cl  specilication  to 
include  a  requirement  for  lubricity.  Currently,  the  use  of  fuel  soluble  Cl  is  one  solution  to  circumventing 
wear  problems  caused  by  fuels  lacking  natural  lubricating  agents. 

1.1  BACKGROUND 

An  excellent  historical  background  of  the  current  requirement  lor  the  addition  of  Cl  in  jet  luel  was 
presented  by  Chuck  Martel,  et  al  m  an  Air  Force  Aero  Propulsion  Report  published  in  July  1974  (Rel  2). 


The  tcchnieal  rcpori,  entitled  "Aireralt  Turbine  Enj:ine  Fuel  Corrosion  Inhibitors  and  Their  Elfcets  On 
f  uel  fh-operties,"  outlines  the  initial  speeilieation  requirements  and  the  subsequent  revisions  that  resulted 
in  the  required  use  of  Cl  speeifieally  lor  improving  fuel  lubricity. 

The  Air  Force  study  reports  that  with  the  introduction  of  jet  aireraft  and  kerosene  type  fuels  m  the  mid 
FWOs,  fuel  contamination  problems  were  e.xpericneed  that  were  much  more  severe  than  previously 
experienced  with  aviation  gasolines.  The  greater  viscosity  and  density  of  jet  fuels  resulted  in  the 
entrainment  of  water  and  solid  matter  that  often  carried  over  into  aircraft  fuel  systems.  The  addition  of  Cl 
to  jet  fuels  was  begun  in  the  early  1950s  to  combat  c.xcessivc  corrosion  in  ground  fuel  systems  and 
subsequent  carry  over  of  corrosion  products  into  the  aircraft. 

The  first  requirement  lor  Cl  addition  to  JP-4  type  fuels  was  by  Amendment  1  to  the  MIL-F-5624B  jet  fuel 
specification  in  March  of  1954,  In  October  1954,  a  specification  for  Cl  was  issued  as  MIL-I-25()17  and 
entitled  Inhibitor,  Corrosion,  for  Aircraft  Engine  Fuels."  Performance  of  a  corrosion  test  was  required  by 
this  specification  to  determine  the  effettive  level  of  Cl  to  be  added  to  a  JP-4  fuel.  The  20-hour  test 
conducted  at  a  bath  temperature  of  .^8'^C  (1(K)  F)  defined  the  minimum  effective  concentration  required 
for  each  Cl  qualified  to  the  specification. 

The  first  QPL  for  Cl  was  issued  in  September  of  1956  as  QPL-250I7-I  and  contained  three  approved 
inhibitors.  The  revisions  to  MlL-l-25017  that  followed  included  Revision  A  in  September  1959  that 
specified  the  corrosion  test  designation  to  be  ASTM  Method  D665,  PriKcdure  B.  In  May  1955.  and  again 
in  December  1957,  revisions  were  made  to  MlL-F-5624  (Revisions  C  and  D)  that  dictated  that  a  Cl  shall 
be"  added  to  JP-4  and  JP-5  fuels.  Revision  E,  however,  was  issued  in  March  1960  that  changed  this 
wording  to  may  be"  added.  Revision  F  of  this  specification  lollowed  in  September  1962  and  stated  that  a 
Cl  "shall  be  added  to  JP-4,  but  "shall  not  be  added  to  JP-5  unless  approval  is  obtained." 

Despite  the  early  success  of  Cl  to  alleviate  lubricity  related  problems,  it  was  immediately  apparent  that 
Cl  were  not  without  ptitential  shortcomings.  In  the  late  1950s  some  Cl  cau,scd  severe  fucl/water 
separation  problems.  In  the  presence  of  Cl,  fuel  filter  coalescer  units  failed  to  efficiently  remove 
undissolved  water  from  the  fuel.  The  result  was  the  removal  of  a  number  of  Cl  from  the  QPL.  A  Water 
Separometer  Index  (WSl)  limit  was  incorporated  into  the  fuel  specification  to  ensure  acceptable 
fuel/water  separation  characteristics  in  the  presence  'f  additive.  In  the  early  1960s,  jet  fuel  filtration 
problems  were  associated  with  the  use  of  Cl.  The  formation  of  a  gelatinous  material  that  rapidly  plugged 
filters  resulted  from  a  chemical  reaction  involving  undissolved  water,  metal  (aluminum,  steel, 
magnesium,  or  /me)  and  Cl.  Consequently,  the  requirement  for  a  Cl  to  be  added  to  JP-4  was  deleted  m 
November  1965.  The  revised  specification  suited  that  a  Cl  shall  not  be  added  to  grade  JP-4  or  JP-5 
without  prior  approval  from  the  end  user  (Refs  and  4). 

The  repercussions  caused  by  the  elimination  of  Cl  were  immediate  and  readily  apparent.  A  number  of 
(Kcurrenccs  of  fuel  control  malfunctions  were  reported.  Ultimately  these  were  traced  back  to  the  removal 
of  the  Cl  that  was  functioning  as  a  lubricity  agent  in  gas  turbine  fuels.  Because  of  the  severity  of  the 
problems,  the  Air  Force  issued  an  operational  Technical  Order  in  March  1966  to  blend  Cl  into  all  JP-4 
fuel  at  the  base  level.  Amendment  1  to  MIL-T-5624G  was  issued  in  November  1966  reinstating  the 
requirement  for  Cl  conforming  to  MIL-I-25017  to  be  blended  into  JP-4  by  the  supplier.  The  use  of  Cl  in 
JP-5,  however,  was  excluded.  The  requirement  for  the  addition  of  Cl  to  JP-5  type  fuel  was  not  adopted 
until  revision  L'  of  MIL-T-5624  was  issued  in  January  l‘'8.T  Although  not  entirely  resolved,  fuel 
lubricity  problems  both  domestically  and  abroad  are  currently  controlled  by  the  mandatory  use  of  Cl. 

The  current  (,jPl.  contains  15  approvetl  Cl.  Among  thexe,  IK'I  4A,  Nalco  54()J  and  ARCO  IPC  4445  tend 
to  dominate  in  Air  Force  usage.  DCI-4A  and  Nalco  5405  are  also  used,  as  well  as  Unicor  J,  extensively 
by  the  U  .S,  Navy.  Any  of  the  15  Cl  presently  qualified  to  MIL-I-25()17  and  listed  on  the  QPL  may  be 
used,  at  the  option  of  the  supplier,  in  JP-4  and  JP-5  type  fuels. 

t'"rrrnily  concentration  requirements  for  the  addition  ol  Cl  in  jet  lucl  arc  determined  in  accordance  with 
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the  Rusling  Test  Method  specilied  hy  M1L-1-2S()1 71).  I'he  Rust  lest  is  m  keeping  with  the  original 
purpose  of  Cl  to  inhibit  pipeline  and  ground  system  corrosion.  However,  since  1^66  the  addition  of  Cl  to 
jcl  fuels  has  been  mandated  primarily  for  the  purpose  of  lubricity  enhancement  The  Ball-On-Cylmdcr 
Lubricity  Evaluator  (BOCLE)  is  recogni/ed  as  the  best  available  method  lor  providing  a  relative  sy  stem 
of  measurement  ol  fuel  lubricity .  A  variety  of  Ball-On-Cylmder  machines,  test  priKedures,  test  cylinders 
and  reference  fluids  ha\e  been  investigated  in  past  years.  Recommendations  to  the  CiMirdmaimg 
Research  Council  (CRC)  based  on  results  of  an  Air  Lorce  study  completeif  in  August  ol  IMX7  (Rel  S), 
resulted  in  standardization  of  the  test  apparatus  and  procedure.  With  the  acceptance  of  a  standard  BOCLl-. 
test  procedure,  reevaluation  of  Cl,  based  on  their  ability  to  impart  lubricity  to  jet  fuels,  was  the  next  step 
in  the  Air  Force  s  plan  for  controlling  the  lubricity  of  fuels  used  in  fleet  aircraft. 

1.2  QUANTIFICATION  OF  CORROSION  INHIBITORS 

Despite  dependance  on  the  mandatory  use  of  fuel  soluble  Cl  to  alleviate  lubricity  related  fuel  system 
wear  problems,  there  is  no  accepted  meihixl  for  monitoring  compliance.  Nor  is  there  a  means  ol 
measuring  Cl  levels  at  the  point  of  use  for  detecting  additive  losses  cKcumng  during  transjxirtation 

In  the  past,  labor  intensive  extraction  techniques  have  been  proposed  for  quantitative  analysis  iRefs.  0 
and  7)  ol  Cl.  These  techniques  have  not  been  evaluated  for  broad  application  to  all  QPL  Cl  or  varying 
fuel  matrices.  A  simple,  direct  fuel  injection,  analytical  method  to  quantify  low  levels  of  Cl  was 
developed  under  lask  Order  No.  6,  "Determination  of  Corrosion  Inhibitor  m  Aviation  Fuels’  (Ref  Si. 
This  method,  using  Reverse  Phase  High  Performance  Liquid  Chromatography  (RPHPLC),  apjx'ars  to  best 
satisfy  the  prerequisites  of  a  reliable,  effective,  means  for  determining  Cl  content  in  jet  fuels.  The 
RPHPLC  methodology  is  based  on  detection  of  the  dilinoleic  acid  active  ingredient  found  in  the  most 
frequently  used  CL 

Additional  refinement  of  the  test  method  was,  however,  needed  to  extend  its  applicability  to  all  QPL 
approved  Cl.  A  limited  survey  of  QPL  Cl  indicated  that  most  arc  multi-conqxineni  mixtures.  Increased 
resolution  ol  Cl  components  was  neccs.sary  to  provide  gcHxl  precision  and  accuracy  lor  quantilication. 
Further,  identification  of  the  specific  Cl  product  added  to  the  fuel  was  believed  to  be  possible,  but  only  il 
the  product  components  y  lelded  unique  chromatograms. 

1.3  PRCKJRAM  ()B,|F(  TIVFS 

The  thrust  ol  technical  efiort  described  m  the  following  sections  was  tfirected  at  accomplishing  the 
following  goals: 

•  Evaluation  of  the  currently  approved  QPL  Cl  m  terms  of  lubricity  enhancement 

•  Establishment  of  minimum  effective  concentrations  for  approved  Cl 

•  Generation  of  working  curves  to  profile  Cl  performance  m  jet  fuels 

•  Development  ol  an  approach  for  incorjxiratmg  a  lubriciy  requirement  into  MlL-l-2501 7  for  the 
purpose  of  qualifying  candidate  Cl 

•  Refinement  of  the  RPHPLC  method  for  determining  Cl  content  in  jet  fuels 

•  Determination  ol  applicability  of  the  RPHPl.C  mcthtxl  to  QPL  Cl 

•  fic'neration  ol  an  RPHPL.C  spectral  library  of  QPL  Cl  m  JP-4 


SFCTION  2.0 


EXPF.RIMENTAl 


This  investigation  focused  on  two  distinct  but  inlcnrclalcd  efforts.  These  efforts  were  conducted 
simultaneously  and  together  provided  an  assessment  of  Cl  performance  and  a  method  to  quantify  them. 
The  Cl  evaluations  focused  on  the  ability  of  each  of  the  QPL  Cl  to  measurably  improve  fuel  lubricity. 
The  quantification  of  Cl  focused  on  refinement  of  the  recently  developed  RPHPLC  methodology  for 
determining  Cl  content  in  jet  fuels.  Applicability  of  the  method  to  each  of  the  15  approved  QPL  Cl  was 
also  investigated.  The  following  paragraphs  discuss  test  parameters,  equipment  set  up,  and  experimental 
approaches  used  in  this  investigation. 

2.1  CORROSION  INHIBITOR  EVALUATIONS 

2.1.1  Ball-On-Cylinder  Lubricity  Evaluator  (BOCLE) 

An  InterAv  BOCLE  was  used  to  assess  the  ability  of  each  Cl  to  improve  the  lubricity  properties  of  jet 
fuels.  BOCLE  tests  were  performed  according  to  the  standard  test  procedure  approved  by  the  CRC 
Ball-On-Cylinder  Operators'  Task  Force,  "Standard  Test  Method  For  Measurement  of  Lubricity  of  Liquid 
Hydrocarbon  Fuels  By  ihe  Ball-On-Cylinder  Lubricity  Evaluator."  The  method  assesses  the  boundary 
lubrication  properties  of  aviation  fuels  and  similar  hydrcKarbon  liquids  on  rubbing  surfaces. 

In  this  method,  the  test  fluid  is  placed  in  a  reservoir  in  which  the  air  atmosphere  is  maintained  at  10 
percent  relative  humidity.  The  fuel  temperature  during  a  standard  test  is  maintained  at  25’C  (77'^F).  A 
nonrotating  loaded  steel  ball  is  held  in  a  vertically  mounted  chuck  and  forced  against  an  axially  mounted 
steel  test  ring.  The  test  ring  is  rotated  at  240  revolutions  per  minute  (rpm)  and  receives  a  momentary 
exposure  to  the  test  tluid  upon  each  revolution.  At  the  conclusion  of  the  test,  the  wear  scar  generated  on 
the  test  ball  is  viewed  under  a  microscope  at  lOOX  magnification.  A  1-millimeter  (mm)  graduated 
reticule  permits  the  major  and  minor  axis  of  the  scar  to'bc  measured  to  the  nearest  0.01  mm.  The  average 
of  the  two  measurements  is  reported  as  the  BOCLE  wear  scar  diameter  (WSD)  and  is  a  measure  of  the 
fluid  lubricating  properties.  The  smaller  the  WSD,  the  belter  the  fuel  lubricity.  Typical  wear  scars 
produced  by  jet  fuels  are  shown  in  Figure  1.  For  the  purpose  of  evaluating  lubricity  effects  at  elevated 
temperatures,  an  auxiliary  Ncslab  Exocal-KX)  DD  Bath  Circulator  and  a  Neslab  EN-)50  Endocal  Flow 
Through  Cooler  were  interfaced  with  the  existing  system. 

An  overview  of  the  InterAv  BOCLE  control  panel  is  shown  in  Figure  2-a.  The  control  panel  permits 
control  of  test  duration,  temperature,  relative  humidity,  and  ring  rotational  speed.  The  base  unit  is  shown 
m  Figure  2-b  and  is  comprised  of  a  fuel  reservoir,  an  axially  mounted  Falcx  Ring,  a  micrometer  used  for 
spacing  the  wear  tracks  of  subsequent  runs,  and  a  load  beam  with  test  ball  installed.  The  lines  shown 
running  to  the  fuel  reservoir  provide  the  means  for  circulating  a  fluid  medium  through  the  heal  exchanger 
for  controlling  test  temperature. 

A  reduction  in  applied  load  from  KKK)  to  5(X)  grams  represents  the  only  change  in  lest  conditions  from 
that  described  in  Draft  No.  10  of  the  CRC  BfX’LE  test  procedure.  A  previous  Air  Force  investigation  to 
siandardi/c  the  BCX."LE  lest  resulted  in  replacing  the  AMS  6444  test  cylinder  with  the  Falcx  Ring  (Ref 
,5).  The  harder  Falcx  Ring  material  generated  a  significantly  larger  scar  than  the  AMS  6444  cylinder.  At  a 
KKX)  gram  load,  the  WSD  of  >  ay  treated  fuels  sometimes  approached  or  exceeded  1  mm. 

Reference  Laid  A  was  used  specifically  to  qualify  the  test  rings  for  use  in  BOCLE  testing.  A  WSD  of 
()..50  +002  mm  was  used  as  the  qualilying  criteria.  Reference  Fluid  B  (neat  Isopar  M)  is  a  considerably 
harsher  lluid  than  that  of  the  Isopar  M/DCI-4A  mixture  and  as  a  result  prtxluces  a  significantly  larger 


wear  scar.  Ii  is,  therefore,  sensitive  to  ring  contamination  and  so  was  used  to  ensure  that  proper  cleaning 
precautions  had  been  followed. 


JP-4  JP-7 
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Figure  1.  Typical  BOCLE  Wear  Scars  Produced  by  Jet  Fuels 

In  addition  to  qualifying  the  test  rings  using  the  primary  and  secondary  reference  fluids,  conformance  to 
material  specifications  for  surface  finish  and  hardness  was  verified.  These  measurements  also  permitted 
the  relationship  between  the  specified  material  properties  and  the  accepted  reference  fluid  calibration 
value  to  be  established.  Verification  of  the  20  to  30  microinch  (min)  surface  finish  was  accomplished 
using  a  Sheffield  Model  E-20A  Surface  Texture  Measuring  Instrument  Rockwell  hardness  was  verified 
using  a  Wilson  Mechanical  Rockwell  Superficial  Hardness  Tester. 

2.1.2  Additives  Evaluated 

BOCLE  tests  were  performed  on  each  of  the  CI/Lubricity  Improvers  approved  for  use  by  the 
MIL-I-25017D  QPL.  The  Cl  evaluated,  manufacturer’s  designation,  and  specified  relative  effective, 
minimum  effective,  and  maximum  allowable  concentrations  are  listed  in  QPL-25017-15  which  is 
contained  in  Appendix  B.  During  the  course  of  the  investigation,  the  most  recent  revision  of  the  QPL, 
QPL-25017-15  issued  in  January  1987,  resulted  in  the  deletion  of  P-3305  (Unichema  Chemie  B.V., 
Netherlands)  from  the  QPL.  Two  new  Cl  were  added  to  the  revised  QPL:  Nuchem  PCl-105  and  Welchem 
91120.  Both  the  former  and  the  latter  Cl  were  included  in  the  investigation.  Fresh  samples  of  Cl  were 
procured  from  the  manufacturers. 

2.1  J  Test  Fuels 

Cl  performance  was  evaluated  in  four  test  fuels;  neat  Isopar  M  JP-4,  JP-8,  and  JP-5.  The  matrix  fuels 
were  stored  in  55-gallon  epoxy-lined  drums.  With  the  exception  of  Isopar  M,  20  gallons  of  each  fuel  type 
were  stripped  of  additives,  naturally  occurring  lubricity  enhancers  (polar  compounds),  and  contaminants 
by  slow  percolation  through  oven  dried  Attapulgus  clay.  Clay  treating  (CT)  was  performed  according  to 
Annex  A  of  ASTM  D2550.  The  degree  of  fluid  harshness  attained  was  verified  by  performing  BOCLE 
tests  upon  completion  of  the  clay  treating.  In  instances  where  a  BOCLE  WSD  of  greater  than  0.75  mm 
was  not  obtained,  the  fuel  was  subjected  to  additional  passes  through  the  clay.  The  harshness  of  the 
matrix  fuels  was  verified  a  second  time  prior  to  preparation  of  each  set  of  Cl/fuel  blends. 
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Figure  3.  BOCLE  Load  Correlation 
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2.1.4  Additive/Fuel  Blends 


To  dciermine  effective  Cl  concentrations  in  each  of  the  four  test  fuels,  testing  was  performed  at  nine 
concentrations  ranging  from  zero  to  the  maximum  allowable  concentration  permitted  for  each  Cl  in 
QPL-25017-15.  Additivc/fuel  blends  were  formulated  from  a  lOO-ppm  concentrate  at  levels  of  0,1.5,  3,  6, 
9,12,15,  20,  and  30  ppm  by  weight.  This  range  was  extended  for  two  of  the  Cl  having  maximum 
allowable  concentrations  of  42  ppm.  To  provide  a  fair  assessment  of  the  effective  concentration  of  the  Cl 
in  each  of  the  four  different  test  fuels,  the  Cl  were  blended  at  the  various  concentrations  in  ppm  by 

weight  rather  than  in  grams  per  cubic  meter  (g/m^  ).  Depending  on  the  density  of  the  fuel,  a  maximum 
allowable  concentration  of  22.5  g/m^  ranges  from  approximately  26  to  30  ppm. 

2.1.5  Test  Temperatures 

BOCLE  WSD  as  a  function  of  Cl  concentration  were  generated  at  25 ^C  (77°F).  In  three  of  the  four  test 
fuels,  Cl  were  also  evaluated  at  75°C  (167‘^F)  to  assess  the  effect  of  temperature  on  additive  performance. 

2.1.6  Summary  of  Test  Matrix 


A  summary  of  the  lest  materials.  Cl  concenuations,  and  test  temperatures  is  shown  below: 


BOCLE: 

QPL  CI/Lubricity  Improvers: 
Cl  Levels  Evaluated  (ppm): 
Test  Fuels: 

Test  Temperatures: 


Falcx  Ring,  500g  applied  load 
16 

0,  1.5,  3,6,9.  12,  15,20,  30,42 

Neat  Isopar  M,  CT  JP-4,  CT  JP-8,  CT  JP-5 

25T  (77°F),75T(167T) 


2.2  REFINEMENT  OF  RPHPLC  METHOD  FOR  DETERMINING  Cl  CONTENT  IN  JET  FUELS 
2.2.1  Equipment  and  Instrumental  Conditions 

Based  on  previous  research  reported  in  Reference  6,  the  following  equipment  and  instrumental  conditions 
were  used  to  begin  the  method  oplimization: 

A  Varian  Mtxlcl  5560  Ternary  Liquid  Chromatograph  as  shown  in  Figure  4  was  used  to  perform  all 
HPLC  analyses  in  this  study.  It  was  equipped  with  a  Varian  Model  UV200  variable  wavelength 
ultraviolet-visible  detector  set  to  202  nanometer  (nm)  with  a  0.5-sccond  response  lime,  a  Rheodyne 
Model  7125  injector  valve  with  50  microliicr  (mL)  sample  loop,  and  an  electronic  column  heater. 
Quantification  was  accomplished  using  a  Varian  Model  Vista  402  Chromatography  Data  System. 
Baseline  treatment  was  performed  automatically  by  the  data  system  software.  All  calibrations  were 
performed  in  the  External  Standard  mode. 

The  following  HPLC  bonded  phase  columns  were  evaluated:  cyano  (Alltech  Associates,  Deerfield,  IL); 
ammo,  cyano  and  phenyl  (Brownlee  Labs,  Santa  Clara,  CA);  carboxymethyl  weak  ion  exchange  (Toyo 
Sola,  Japan);  phenyl  sulfonic  acid  strong  cation  exchange  and  quaternary  amine  strong  anion  exchange 
(Whatman,  obtained  from  Allicch  Associates). 

The  mobile  phase  compositions  evaluated  included  blends  of  methanol,  isopropanol,  and  aqueous  buffers. 
Samples  and  standards  were  injected  into  the  chromatograph,  without  any  pretrealment,  via  a  50mL 
sample  limp.  After  the  additive  compounds  eluted,  a  column  wash  and  reequilibration  program  was 
necessary  to  remove  the  residual  fuel  sample.  The  ternary  (3  solvent)  capability  ol  the  chromatograph 
was  used  to  perform  this  function. 
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Standards  were  prepared  in  1 25-milliIiter  (mL)  Teflon  bottles  (Nalge  Co.,  Rochester,  NY). 


2.2.2  Materials 

•  HPLC  grade  methanol,  isopropanol  and  water  were  obtained  from  Burdick  and  Jackson  (Muskegon, 
MI). 

•  Potassium  phosphate,  monobasic  (KH2  PO4  )  and  sodium  hydroxide  (NaOH)  were  ACS  Analytical 
Reagent  grade  and  were  obtained  from  Mallinckrodt,  Inc.  (Paris,  KY). 

•  EMPOL  1010,  a  97  percent  pure  dilinoleic  acid,  and  EMPOL  1041,  an  80  percent  trilinoieic  acid 
(20  percent  dimer),  were  obtained  from  Emery  Chemical  Company  (Cincinnati,  OH). 

•  Purified  linoleic  acid  was  obtained  from  Fisher  Scientific  Company,  (Fair  Lawn,  NJ). 

•  The  15  Cl  products  listed  in  the  QPL-25017  -15  were  obtained  from  the  respective  suppliers. 

•  Clay  treated  JP-4  fuel  was  prepared  by  filtering  JP-4  through  a  glass  column  packed  with 
Attapulgus  clay  per  ASTM  D2550. 

•  Additive  free  JP-4  was  obtained  from  Sun  Oil  Company  (Philadelphia,  PA). 


SECTION  3.0 

RESULTS  AND  DISCUSSION 


The  results  and  significance  of  the  BOCLE  tests  performed  on  16  corrosion  inhibitors  are  discussed  in  the 
paragraphs  that  follow.  Results  and  discussion  of  work  directed  at  refining  the  RPHPLC  method  for 
determining  Cl  content  in  jet  fuels  and  applicability  of  the  methodology  to  Cl  approved  under 
MIL-I-25017D  are  also  presented. 
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3.1  CORROSION  INHIBITOR  EVALUATIONS 

3.1.1  Lubricity  Test  Data 

ToKVs  0^  ho  BOCl  F  (in,  <J“neratcd  ‘‘or  each  of  the  Cl  ;r.  each  lest  fuel,  over  the  range  of  concenudiiv)!. 
at  which  they  were  tested,  arc  included  in  Appendix  C.  Profiles  of  additive  performance  were  generated 
for  each  Cl  in  the  form  of  polynomial  curve  His  plotted  from  the  test  data.  These  plots  provide  a  means 
for  determining  the  amount  of  additive  required  to  provide  sufficient  lubricity  properties  to  jet  fuels.  The 
plots  also  provide  an  avenue  for  tracking  deterioration  in  fuel  lubricity  as  levels  of  Cl  are  depleted.  These 
curve  fits  are  presented  in  Appendix  D,  indexed  by  fuel  type. 

3.1.2  Criteria  Used  to  Assess  Performance 

In  order  to  assess  the  effectiveness  of  the  Cl,  guidelines  and  criteria  were  established  to  permit 
comparison  of  the  responsiveness  of  one  Cl  to  another.  Among  the  criteria  considered  was  the  amount  of 
additive  required  to  provide  relative  effective  lubricity  enhancement.  For  the  purpose  of  this  discussion, 
the  terminology  'relative  effective  concentration’  is  defined  as  the  concentration  of  Cl  required  to  provide 
a  BOCLE  WSD  equal  to  0.60  mm.  The  0.60  mm  WSD  is  currently  under  consideration  by  the  Air  Force 
to  describe  minimum  acceptable  lubricity.  This  value  was  selected  on  the  basis  of  an  Air  Force  survey  of 
hydraulic  fuel  pumps  that  had  experienced  problems  when  exposed  to  fuel  having  a  WSD  of  greater  than 
0.60  mm.  In  rating  Cl  performance,  consideration  was  also  given  to  the  lubricity  improvement  that  was 
attainable  at  maximum  allowable  concentration.  Twenty-two  and  a  half  grams  per  cubic  meter  was  the 
maximum  allowable  concentration  permitted  by  QPL-25017  for  all  but  two  of  the  Cl  evaluated.  The  two 
exceptions  are  Unichema  P-3305  (excluded  from  the  QPL  in  the  January  1987  revision)  and  Tolad  245. 
Both  are  permitted  a  maximum  allowable  concentration  of  42  ppm  (31.5  g/m3 ). 

Therefore,  examination  of  the  BOCLE  results  considered  (1)  'relative  effective  concentration’,  defined  as 
the  level  of  Cl  required  to  reduce  the  BOCLE  WSD  to  0.60  mm  (2)  'maximum  effective  concentration’, 
defined  as  that  concentration  at  which  no  further  reduction  in  WSD  is  apparent  with  continued  increases 
in  Cl  concentration;  and  (3)  maximum  lubricity  achieved,  i.e.,  WSD  at  the  maximum  allowable 
concentration. 

3.1.3  Performance  Profile 

Computer  software  was  developed  to  permit  archiving  and  plotting  of  the  BOCLE  test  data.  Second, 
third,  and  fourth  order  polynomial  curve  fits  best-fit  the  test  data  for  plotting  WSD  as  a  function  of 
concentration.  The  curve  fits  were  used  as  a  tool  to  establish  relative  effective  concentrations  for  each  Cl 
and  for  determining  the  effect  of  fuel  type  and  temperature  on  Cl  response.  Figure  4  is  an  example  of  the 
curves  produced  by  the  software.  For  quick  reference,  a  dashed  line  was  drawn  across  the  plot  by  the 
computer  to  represent  the  targeted  0.60  mm  WSD  lubricity  value.  The  point  at  which  the  plotted  curve 
crossed  the  dashed  line  was  calculated  from  the  polynomial  equation  and  printed  out  on  the  plot  as  the 
"relative  effective  concentration."  As  shown  in  Figure  5,  the  concentration  requirements  per  QPL-25017 
the  accuracy  of  the  curve  fit  data  (standard  error  of  the  estimate  (SEE)),  and  correlation  coefficient  (R) 
are  also  documented  on  the  plot.  A  complete  set  of  curve  fits,  profiling  additive  performance  for  each 
QPL  Cl,  are  contained  in  Appendix  D,  indexed  by  fuel  type. 

While  interpreting  the  curves  shown  for  each  Cl,  consideration  should  be  given  to  small  variations  in 
additive  response  that  may  appear  unduly  emphasized  by  the  graph.  In  reality,  the  data  fall  within  the 
established  limits  of  test  repeatability  (0.03  mm).  Although  varying  in  profile,  the  curves  for  each  Cl 
assessed  at  25'=’C  (77'^F)  responded  predictably  to  increasing  Cl  concentrations.  At  maximum  allowable 
concentration,  WSD  ranged  from  0.47  to  0.61  mm  for  the  16  Cl  tested  in  the  four  fuel  types.  In  at  least 
three  out  ol  the  lour  test  fuels,  all  but  four  of  the  16  Cl  had  achieved  maximum  effectiveness  upon 
reaching  maximum  allowable  concentration.  As  shown  by  the  plots  in  Appendix  D,  the  majority  of  Cl 
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exhibited  a  plateau  between  20  and  30  ppm,  showing  no  further  reduction  in  WSD  with  increased 
concentration.  Six  of  the  Cl,  however,  did  show  evidence  of  a  continued  reduction  in  WSD  with 
increasing  concentration. 

Curve  fiL«  comparing  lPC-4410  and  Tolad  249  in  CT  JP-4  are  shown  ir  5  and  6.  respectively 

IPC-4410,  as  shown  in  Figure  5,  exhibits  outstanding  lubricity  improving  properties  with  a  0.48  mm 
WSD  achieved  at  maximum  allowable  concentration  Additive  efficiency  of  1PC4410  in  JP-4  is  reflected 
by  the  small  amount  of  Cl  required  to  meet  the  required  0.60  mm  WSD.  IPC-4410  performed  equally 
well  in  CT  JP-8  and  CT  JP-5.  As  shown  by  the  curve  in  Figure  6,  Tolad  249  failed  to  meet  the  0.60-mm 
WSD  criteria  for  lubricity  enhancement  even  at  its  maximum  allowable  concentration.  Field  experience 
supports  the  test  data,  indicating  that  Tolad  249  is  among  the  least  effective  Cl  currently  on  the  approved 
QPL. 

3.1.4  Effect  of  Fuel  Type  on  Additive  Performance 

It  was  suspected  during  the  early  stages  of  this  investigation  that  some  additives  would  respond 
differently  to  different  type  fuels.  In  general,  fuel  type  had  little  effect  on  additive  performance.  These 
were,  however,  clay  treated  fuels.  It  is  possible  that  unique  responses  to  additives  could  occur  with  fuels 
containing  different  polar  compounds.  In  the  clay  ueated  samples,  the  BOCLE  WSD  at  maximum 
allowable  concentration,  and  the  level  of  Cl  required  to  achieve  a  0.60-mm  WSD,  were  relatively 
consistent  from  fuel  type  to  fuel  type.  Some  variation,  however,  was  observed.  As  shown  in  Table  1,  the 
most  significant  variation  was  that  of  P-3305  (no  longer  an  approved  Cl)  in  JP-5.  This  is  apparent  when 
comparing  its  performance  in  JP-5  to  the  other  three  test  fuels.  It  was  thought  that  the  slight  differences  in 
the  performance  of  an  additive  from  one  fuel  type  to  another  could  be  atuibuted  to  one,  or  a  combination, 
of  the  following  causes; 

•  Cl  depletion 

•  Unique  Cl  response  to  the  properties  of  a  specific  fuel  type 

•  Small  variations  in  Cl  active  ingredient  between  stock  solutions  caused  by  vaporization  of  diluent 
during  weighing/blending  procedure 

•  Variations  in  volatility  of  the  fuels  that  may  cause  concentration  of  Cl  during  the  BOCLE  test 

•  Unknown  test  variable(s) 

A  brief  .study  was  conducted  to  investigate  the  effect  of  Cl  depletion  on  the  test  data.  The  effect  of  Cl 
depletion  on  BOCLE  results  was  considered  in  relation  to  the  time  between  preparation  of  the  100  ppm 
concentrate  and  preparation  of  the  subsequent  blends.  Also  investigated  was  the  effect  of  time  between 
preparation  of  the  individual  blends  and  performance  of  the  BOCLE  tests.  A  .series  of  Cl  profiles 
previously  generated  were  repealed.  BOCLE  tests  on  the  individual  blends  were  performed  within  24 
hours  of  preparation  of  the  initial  100  ppm  concentrate.  RPHPLC  was  used  to  monitor  Cl  depletion  rates. 
No  evidence  was  found  that  the  BOCLE  results  had  been  affected  by  depletion  of  Cl  or  that  significant 
plating  out  of  additive  had  occurred  during  the  24-hour  period.  The  newly  generated  curves  were 
consistent  with  those  previously  reported  f''r  the  other  three  lest  fuels. 
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TABLE  1 

EFFECTIVE  CORROSION  INHIBITOR  CONCENTRATIONS 
FOR  LUBRICITY  IMPROVEMENT 


Conctn:ralion  Rtquired  n-  Ackir  >■ 
0.60  nm  BOCLE  WED 

- _ 


fiOCZX  IVSD  at  Maxunum  Allowubie 
Concentration 
_  mm 


Corrosion 

/nHibUor 

hopor 

M 

CT 

JP4 

CT 

JPS 

CT 

jp-a 

Range 

Auer  age 
Concentration 
Reouired 

Isopar 

Xf 

CT 
JP  4 

CT 

JPS 

CT 

JPS 

IPC-C410 

8.3 

5.3 

65 

6.4 

3.0 

6.6 

0.51 

0.48 

0  48 

0.48 

NAIXrO  $406 

9.8 

b.8 

8.1 

79 

3.0 

8.2 

0.48 

050 

0  52 

0.48 

ARCO  IPC-4445 

MA 

90 

11.3 

11.9 

5.4 

U.6 

054 

U.50 

0.56 

0.54 

UNICHEM  P-3305 

76 

8.3 

18.9 

95 

11.3 

11.1 

0.47 

0  52 

0.51 

0.52 

NALCO  5403 

108 

9.0 

8.9 

9.5 

1.7 

9.6 

0  53 

0.53 

0.50 

0.50 

UNICOR  .1 
MOBtLAD  F  800 

68 

8.3 

6.8 

6.8 

8.1 

6.5 

8.7 

96 

1  9 

2  7 

76 

78 

0.47 

0.49 

053 

0.52 

0.46 

0.50 

0.54 

0.48 

TOLAD  245 

20.4 

21.1 

19.4 

19  1 

20 

200 

0.55 

0.54 

0.54 

0.55 

OC1-6A 

9.1 

8.3 

66 

87 

2.6 

8.2 

0.48 

0  54 

0  48 

0.52 

LL'BRtZOL  541 

13.6 

13.6 

10.6 

11  9 

3.1 

12.4 

0.54 

054 

0.56 

055 

DCI-4A 

s.a 

9.0 

6.6 

7.2 

2.5 

74 

0.48 

0.55 

0.48 

0.50 

HITEC  E  580 
APOLLO  PRI-19 

12.1 

15.1 

8.3 

14J 

13.0 

11.1 

14.3 

3.8 

2.1 

107 

14  2 

0.52 

0.54 

0.55 

0.56 

0.51 

0.52 

0.54 

0  57 

TOLAD  249 

21.9 

>22.6 

23.5 

23.1 

1.6 

>22  8* 

0.59 

0.61 

060 

0.60 

WELCHEM  91120 

12.1 

8.3 

IIJ 

12.7 

4.4 

li.l 

0.56 

(i.o2 

0  54 

0  54 

NUCHEM  PCI- 105 

13.6 

12.8 

13.8 

11.9 

1.9 

130 

0.35 

0.54 

0.54 

0.52 

I 

9 

1 

1 

Allowiblg 

ConantntKin  per  QPL- 

25017-15 

AU  Fuel  Types 


Auerofe 


WSD 

0.03 

0.49 

0.04 

0.50 

0.06 

0.54 

0.05 

0.50 

0.03 

0.52 

0.08 

0.60 

0  04 

050 

0.01 

0,54 

006 

0.50 

0.02 

0.5.5 

0.07 

0  50 

004 

0.53 

0  05 

055 

002 

0.60 

004 

0.54 

0.03 

0  54 

ftiani.ii 


3.1.5  Effective  Concentrations  for  Lubricity  Improvement 

The  effective  concentrations  for  lubricity  improvement,  based  on  the  0.60mm  WSD  cri  ria,  are  shown  in 
Table  1  for  each  of  the  16  Cl  in  each  of  the  four  test  fuels.  Military  specifications  require  the  addition  of 
Cl  to  JP-4,  JP-5,  and  JP-8.  It  is  unlikely  that  a  future  revision  to  the  military  specification  will  call  out 
varying  relative,  minimum,  and  maximum  concentrations  based  on  fuel  type  alone.  Fuel  type  has  been 
shown  to  have  little  effect  on  additive  performance.  Since  there  is  a  need  to  know  how  an  additive  will 
respond  in  general  to  any  current  JP  fuel,  much  of  the  following  discussion  will  focus  on  the  average  test 
results  for  all  matrix  fuels  cumulatively  as  opposed  to  addressing  each  fuel  type  individually.  Table  1 
permiLs  independent  comparison  of  test  fuels. 

In  addition  to  data  for  each  specific  fuel,  the  average  concentration  required  in  all  test  fuels  to  achieve 
minimum  lubricity  improvement  is  shown  in  Table  1.  Only  six  of  the  Cl  evaluated  exhibited  a  0.60  mm 
WSD  at  concentration  levels  of  9  g/m^  or  less.  Nine  g/m^  is  the  minimum  effective  concentration' 
defined  by  QPL-25017-15,  while  0.60  mm  WSD  is  the  Air  Force  proposed  value  for  determining 
minimum  acceptable  lubricity  improvement.  Of  the  remaining  ten  Cl,  eight  met  the  0.60-mm  WSD 
criteria  between  10  and  14  g/m^,  one  approached  its  maximum  allowable  concentration,  and  one  Cl 
(Tolad  249)  exceeded  maximum  allowable  concentration.  Looking  at  the  test  fuels  independently,  only  5 
Cl  in  Isopar  M,  5  in  JP-8,  7  in  JP-5,  and  1 1  in  JP-4  met  the  desired  0.60-mm  WSD  criteria  for  minimum 
cllectivc  lubricity  improvement  at  the  minimum  effective  concentration  of  9  g/m^  designated  by 
QPL-25017-15.  The  improved  performance  of  many  Cl  in  JP-4  may  be  a  result  of  evaporation  of  light 
ends  during  the  BOCLE  test,  thereby  concentrating  CL  Maximum  effective  concentration  (that  in  which 
no  further  reduction  in  WSD  was  realized)  ranged  from  9  to  ,'^1.5  g/m^  . 

.3.1.6  Performance  Ranking 

Based  on  their  pcriormance  as  lubricity  improvers,  the  15  currently  approved  Cl  fell  into  three  distinct 
groups  Grouping  ol  Cl  performance  was  based  on  ihe  average  results  of  all  lest  fuels.  F.ach  performance 
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group,  as  shown  m  Table  2,  was  disiinclivc  in  relation  to  both  total  reduction  in  WSD  achieved  at 
maximum  allowable  concentration  as  well  as  the  concentration  required  to  achieve  0.60  mm  WSD. 

Group  No.  1  consisted  of  six  Cl  in  which  similar  maximum  lubricity  improvement  of  0.49  to  0.50  mm 
WSD  (essentially  the  «ame)  v.-as  achieved.  Concentrations  required  to  achieve  a  0.60  mm  WSD  ranged 
from  6.6  to  8.2  g/m^  .  This  concentration  range  conformed  to  the  9  g/m^  minimum  effective 
concentration  requirement  set  forth  by  QPL-25017-15.  The  Cl  in  Group  No.  1  were  extremely  efficient  in 
low  level  response  to  providing  and  maintaining  excellent  lubricity  enhancement. 

Group  No.  2  consisted  of  eight  Cl  providing  a  maximum  lubricity  improvement  of  0.52  to  0.55  mm 
WSD.  Concentrations  required  to  achieve  a  0.60  mm  WSD  ranged  from  9.5  to  12.4  g/m^  .  With  the 
exception  of  one  Cl,  this  group  exceeded  the  QPL  defined  minimum  effective  concentration  (Tolad  245 
has  a  22.5  g/m^  minimum  effective  concentration  while  the  remaining  Cl  have  requirements  of  9  g/m^  ). 
This  group  of  Cl  exhibited  good  to  fair  lubricity  enhancing  properties. 


Group  No.  3  consisted  of  one  Cl  (Tolad  249)  that  provided  an  average  maximum  lubricity  improvement 
of  0.60  mm  WSD.  In  three  out  of  four  test  fuels,  maximum  allowable  concentration  was  exceeded  prior 
to  achieving  this  value.  Tolad  249  was  shown  to  be  the  least  effective  Cl  in  providing  adequate  lubricity 
enhancement  of  jet  fuels. 

TABLE  2 

GROUPING  OF  CORROSION  INHIBITOR  PERFORMANCE 


Aifrage, 

All  Test  Ft:eis 

Corrxuion  Inhibitor 

WSD  at  MAC 

mm 

Concentration  Required 
To  Achieve 

0.60  mm  WSD 

Klm^ 

Group  No.  1 

IPC  UlO 

0.49 

6.6 

NALCO  .1406 

0.60 

8.2 

UNICOR  J 

050 

MOBILAD  F800 

O.SO 

7.8 

DCI-6A 

0.50 

8.2 

DCI-4A 

0.50 

7.4 

Group  No.  2 

NALCO  5403 

0.52 

9.5 

HtTEC  E-580 

0.53 

10.7 

IPC  4445 

054 

11.6 

TOLAD  245 

054 

20.0 

WELCHEM  91120 

054 

11.1 

NUCHEM  PCI- 105 

054 

130 

APOLLO  PRI-19 

055 

14.2 

LUBRIZOL  541 

0.55 

12  4 

Group  No.  3 

TOLAD  249 

Not*: 

060 

>22.8 

1.  QPL  -  MIL  I  260170  QuaJiTied  Producu  List 

2.  Avervfs  WSD-Avtrmct  Wear  Scar  Diameter  of  Cl  in  Foot  Teit 

Fuel* 

3.  MAC  —  Maximum  Allowable  Conceotretion  Per  QPL-25017-15 
4  QPL  Minimum  E^ffective  Concentration  9  g/m^.  Except  TOLAD 

246  22.5  i/m^ _ 

mvBi/n 


While  the  grouping  of  Cl  performance  is  subjective,  the  thought  process  in  discerning  between  the  three 
groups  takes  into  consideration  not  only  the  total  reduction  in  WSD  but  also  the  military  specification 
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requirements  for  minimum  effective  concentration.  Of  those  additives  evaluated,  IPC-4410  was  among 
the  most  cflective  while  Tolad  249  was  shown  to  be  the  least  effective. 

3.1.7  Effect  of  T**mperature 

BOCLE  tests  at  75^C  (I67°F)  were  performed  on  the  Cl/fuel  blends  to  assess  the  effect  of  temperature  on 
Cl  performance.  As  predicted,  wear  .scars  generated  at  75°C  (167'^F)  were  in  most  cases  measurably 
larger  than  those  produced  for  the  same  fuel  blends  at  25X  f77°F).  This  supported  earlier  work  by  the 
Naval  Air  Propulsion  Center  (NAPC)  (Ref  9)  and  P&W  (Ref.  10)  indicating  that  temperature  has  a 
dramatic  effect  on  fuel  lubricity.  Plots  generated  from  the  15°C  (167^F)  runs,  however,  were  shown  to  be 
extremely  erratic  The  predictable  curves  exhibited  by  the  25°C  (77°F)  data,  showing  enhanced  lubricity 
as  a  function  of  concentration,  were  not  apparent  when  testing  at  75°C  (167°F).  Data  scatter  and  lack  of 
repeatability  made  valid  interpretation  of  the  test  results  difficult,  if  not  impossible,  at  75°C  (167°F). 

Figures  7  and  8  are  representative  of  the  phenom.enon  observed  during  the  elevated  temperature  tests.  To 
verify  that  the  erratic  data  was  the  result  of  random,  temperature-induced  scatter,  the  entire  series  of 
BCXTLE  runs  were  repeated  from  0  to  30  ppm  at  75°C  (167°F)  for  two  Cl.  The  resulting  profiles  were 
significantly  different  from  the  original  plots.  Both  Cls  continued  to  exhibit  nonrepeating,  random  data 
scatter.  It  was  concluded  that  the  validity  and  usefulness  of  the  data  was  questionable.  With  the 
concurrence  of  the  Air  Force  Project  Engineer,  BOCLE  testing  at  elevated  temperature  was  terminated. 


Wear  Scar 
Olamatar  • 


Figure  7.  Effect  of  Temperature  on  PRl-l^  in  Clay  Treated  JP-4 


Temperature  has  an  effect  on  the  wav  Cl  function  in  different  wear  modes.  Although  not  fully 
understixxl,  it  is  suspected  that  more  than  one  type  of  wear  cxcurs  during  BOCLE  operation.  Wear 
mechanisms  that  cKcur  in  the  boundary  lubrication  regime  that  could  be  applicable  to  BOCLE  operation 
include  (I)  corrosive  wear,  (2)  abrasive  wear,  and  (.3)  adhesive  wear. 

Corrosive  wear  occurs  when  oxygen  reacts  with  metal  surfaces  to  form  metal  oxides.  These  oxides  are 
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easily  worn  away  providing  fresh  surfaces  for  further  oxidation.  Cl  function  by  adsorption  of  the  Cl  polar 
carboxy  group  to  the  metal  surface,  thus  forming  a  molecular  fxtundary  layer  that  acts  as  a  barrier  to 
oxygen  and  moisture.  Adhesive  and  abrasive  wear  occurs  when  asperities  of  two  metal  surfaces  come 
into  contact.  Cl  function  to  provide  a  molecular  boundary  layer  between  the  two  surfaces.  In  abrasive  or 
adhesive  wear,  asperity  contact  area  can  grow  due  to  the  high  normal  and  tangential  stresses  on  the  metal 
so  that  the  trapped  boundary  film  may  be  stretched  until  it  ruptures.  Local  heating  can  'veaken  the 
adsorption  forces  of  the  surface  film.  Simple  polar  compounds  desorb  under  high  temperatures. 

It  is  suspected  that  the  data  scatter  observed  at  elevated  temperature  may  be  a  result  of  opposmg  effect-; 
of  the  following  increased  wear  rates,  desorption  of  Cl,  and  increased  fuel  oxidation  rates.  Temperature 
increases  the  rate  of  corrosive  wear  by  accelerating  the  rate  of  corrosion  reactions  at  the  metal  surface.  In 
addition,  temperature  has  been  shown  to  increase  the  rates  of  adhesive  and  abrasive  wear.  The  latter  has 
been  demonsuated  by  the  increase  in  wear  observed  in  an  inert  environment.  An  increase  in  temperature 
will  also  increase  the  rate  of  fuel  oxidation  reactions  that  has  been  shown  to  reduce  wear  rates.  Fuel 
oxidation  reactions  form  various  oxygenated  species  (i.e.,  carboxylic  acids,  aldehydes,  alcohols,  etc.) 
that,  because  of  their  rvilarity,  act  as  good  lubricity  agents.  Fuel  decomposition  during  BOCLE  testing  is 
evident  from  the  brownish  black  residue  observed  on  the  test  ball  at  the  point  of  contact.  Consequendy,  in 
any  given  test,  there  may  be  an  ongoing  competition  between  increa.sed  wear  rates  caused  by  higher 
temperatures  and  reduced  wear  rates  due  to  fuel  oxidation. 

While  not  clearly  understood,  temperature  docs  appear  to  have  a  significant  effect  on  Cl  performance. 
Flowever,  it  is  apparent  that  under  standard  operating  conditions,  as.sessment  of  the  effects  of  temperature 
on  fuel  lubricity  is  beyond  the  capabilities  of  the  BOCLE. 


Figure  S.  Effect  of  Temperature  on  Hitec  E-5H0  in  Isopar  M 


3.2  PROPOSED  MIL-I-25017  LUBRICITY  REQUIREMENT 

A  thorough  review  o(  M1L-I-2.S()1 7D,  which  is  included  in  Appendix  E,  was  performed  and  the  historical 
background  ol  Cls  rescarcheil.  Current  Air  Force  quality  assurance  and  fleet  support  needs  were 


LOitiparcd  U)  ihi)sc  ol  the  past.  The  review  sought  to  determine  how  the  current  Cl  specification  could  be 
modified  to  address  a  prcxluct’s  ability  to  improve  fuel  lubricity,  as  well  as  inhibit  pipeline  and  ground 
fuel  system  corrosion.  We  found  that  a  requirement  for  lubricity  enhancement  could  be  easily 
incorporated  into  the  current  specification  with  no  significant  effect  on  other  criteria  u.scd  in  qualifying  a 
c  .‘.ndidate  Cl. 

There  are  12  tests  listed  in  the  military  specification  used  to  qualify  Cls.  These  tests  arc  directed  at 
controlling  Cl  properties,  minimizing  the  effect  on  fuel  properties,  and  in  establishing  relative  effective 
(REC),  minimum  eftcctive  (MEC),  and  maximum  allowable  (MAC)  concentrations. 

The  twelve  test  criteria  consist  of  the  following; 

1)  Solubility  -  At  MAC,  there  can  be  no  precipitation,  cloudiness  or  other  evidence  of  insolubility. 

2)  Compatibility  -At  MAC,  the  Cl  must  be  compatible  with  all  other  Cl  currently  qualified  and  with 
approved  static  dissipator  additives. 

.^)  Rust  Test--Establishcs  REC,  the  lowest  concentration  yielding  a  passing  result. 

4)  Water  Separation  Index,  Modilied  (WSIM)--Onc  of  two  primary  criteria  used  in  establishing 
MAC:  the  highest  concentration  giving  a  WSIM  value  of  70  or  higher. 

5)  Electrical  Conductivity  -  The  second  of  two  p. unary  criteria  used  in  establishing  MAC;  the 
highest  concentration  giving  less  than  a  4()-percent  change  in  electrical  conductivity  with  fuel 
containing  static  dissipator  additive. 

6)  Ash  Content  --  Shall  not  exceed  O.IO  percent  when  determined  in  accordance  with  ASTM  D482. 

7)  Pour  Point--Shall  not  exceed- 18'C  when  determined  in  accordance  with  ASTM  D97. 

8)  Storage  Stabtlity  --  Shall  show  no  evidence  of  gross  separation  or  degradation  after  storage  for  12 
months. 

9)  Induction  System  Deposits  --  Applicable  if  Cl  to  be  qualified  for  motor  gasolines. 

10)  Emulsification  Tendency-  Applicable  if  Cl  to  be  qualified  for  use  in  motor  gasolines  and  diesel 
fuels. 

1 1 )  Accelerated  Stability-  Applicable  if  Cl  lO  be  qualified  for  use  in  diesel  fuels.  Determines 
formation  ol  total  insolubles  in  accordance  with  ASTM  D2274  at  MAC. 

12)  Engine  Test-  Must  pass  UX)-hour  engine  lest  using  JP-4  containing  Cl  at  2  limes  the  MAC.  Shall 
indicate  no  execs  ave  deposits,  wear  or  corrosion  attributed  to  the  inhibitor. 

c  ■'■reniiy.  Cl  ellectiv\ness  is  evaluated  in  terms  of  corrosion  inhibition  and  is  as.sessed  primarily  on 
passing  the  rust  test.  The  lowest  concentration  at  which  a  Cl  passes  the  rust  lest  is  defined  as  the  REC, 
and  cannot  be  less  than  b  g/m^  The  >.■'(  less  than  6  g/m’”  requirement  originates  from  early 
development  work  in  which  the  rusi  test  was  shown  to  exhibit  poor  precision  at  low  concentrations.  The 
range  oi  ronceniralions  permissible  lor  use  in  fuels  is  derived  in  part  from  the  REC.  MEC  is  spccilied  as 
I  .s  limes  RE.f  and  cannot  he  less  ilian  9  g/m’  (I.S  times  6  g/m').  MAC  is  governed  by  a  number  of 
considerations;  the  most  signilicant  are  W.SIM  and  electrical  conduciiMly.  MIL-I-23()17D  defines  MAC 
as  ihe  lowest  (ii  ihe  lollowing; 


Fifly-four  grams  ol  inhibitor  per  cubic  meter  of  fuel. 


•  Four  times  the  REC. 

•  The  highest  concentration  giving  a  WSIM  value  of  70  or  greater. 

•  The  highest  concentration  giving  less  than  a  40-perccnt  change  in  electrical  conductivity  with  fuel 
containing  static  dissipalor. 

MIL-I-25017D  also  specifies  that  the  MAC  shall  be  equal  to,  or  greater  than,  the  MEC  and  .shall  be  a 
value  evenly  divisible  by  4.5  within  a  range  of  9  to  54  g/m^  . 

Minimal  changes  to  the  current  specification  would  be  necessary  to  ir  corporate  lubricity  enhancement  as 
an  additional  criteria  for  qualifying  Cl.  Inclusion  of  a  lubricity  requirement  can  he  most  readily 
accomplished  by  redefining  REC  while  leaving  the  requirements  for  MEC  and  MAC  unchanged. 
Maintaining  the  MEC  as  1 .5  times  the  REC  is  recommended  to  compensate  for  (1)  blending  errors  at  the 
refinery,  (2)losses  during  transport  and  storage,  and  (3)  variations  in  performance  between  fuels.  MAC 
would  continue  to  define  upper  limits.  In  this  way,  the  basic  lest  requirements  are  unaffected  by  the 
modification.  Redefining  REC  would  entail  incorporating  a0.60-mm  BOCLE  WSD  lubricity  requirement 
along  with  the  rust  test,  as  well  as  the  following  stipulations:  (1)  REC  not  exceed  36  g/m^  (if  it  did,  then 
MAC  would  exceed  the  54  g/m^  limit);  (2)  1.5  times  the  REC  not  yield  a  WSIM  value  less  than  70;  and 
(3)  1.5  times  the  REC  not  yield  greater  than  40  percent  change  in  electrical  conductivity  with  fuel 
containing  sialic  dissipalor  additive. 

The  latter  three  stipulations  act  as  a  cutoff  to  prevent  those  Cl  that  require  large  concentrations  to  meet  a 
0.60-mm  BOCLE  WSD  from  exceeding  the  current  MAC  requirements.  Inclusion  of  the  above 
restrictions  would  also  permit  a  step-wise  progression  for  qualifying  a  Cl;  eliminating  the  need  for  further 
testing  of  Cl  that  did  not  meet  the  WSIM  and  electrical  conductivity  values  ultimately  required  of  them 
at  MAC. 

The  following  proposes  a  rewording  of  the  current  M1L-I-25017D  specification  based  on  the  above 
discussion.  Additional  requirements  for  defining  REC  and  those  that  have  been  modified  for  the  current 
specification  are  denoted  by  an  asterisk  (♦). 

RFXATIVE  EFFECTIVE  CONCENTRATION  (SEC  3.5) 

1)  *Shall  be  defined  as  the  lowest  concentration  giving  both  a  passing  result  in  the  rust  test  (Sec 
4.6.3)  and  a  maximum  BOCLE  WSD  of  0.60  mm. 

2)  The  REC  shall  not  be  less  than  6  g/m-^  . 

3)  *Thc  REC  shall  not  exceed  .36  g/m-^  . 

4)  *000  and  a  half  limes  the  REC  shall  not  yield  a  WSIM  value  less  than  70. 

5)  *One  and  a  half  times  the  REC  shall  not  yield  greater  than  40  percent  change  in  electrical 
conductivity  with  fuel  containing  static  dissipalor  additive. 

MINIMLM  EFFECTIVE  CONCENTRATION  (SEC  3.6) 

1)  Shall  be  defined  as  1.5  times  the  REC. 


2)  Shall  not  be  less  than  9  g/m-^  . 

3) *Shall  noi  exceed  MAC. 

MAXIMUM  ALLOWABLE  CONCENTRATION  (SEC  3.7) 

The  MAC  shall  be  equal  lo,  or  greater  than,  the  MEC  and  shall  be  the  lowest  o(  the  following: 

1)  Fifty-four  g/m^  . 

2)  Four  tunes  the  REC. 

3)  The  highest  concentration  giving  a  WSIM  value  of  70  or  higher. 

4)  The  highest  concentration  giving  less  than  40  percent  change  in  electrical  conductivity  with  fuel 
containing  static  dissipator  additive. 

The  effect  of  redefining  relative  effective  concentration,  as  shown  in  Table  3,  indicates  that  MEC  would 
be  increased  for  all  but  two  of  the  currently  approved  Cl.  Three  Cl  would  be  disqualified  based  on  the 
above  revisions.  Those  Cl  failing  to  meet  the  new  requirements  arc  Tolad  249,  Lubri/.ol  541,  and 
Nuchem  PCI-105. 

Tolad  249  would  fail  to  qualify  on  the  basis  of  its  limited  lubricity  improving  properties.  In  determining 
Its  REC  by  the  new  guidelines,  Tolad  249  was  unable  lo  achieve  a  BCX’LE  WSD  of  less  than  or  equal  lo 
0.(i0  mm  at  concentrations  up  lo  22.5  g/m ’.Since  its  MAC  is  22.5  g/m’,  Tolad  249  would  be  disqualilicd. 

Although  Lubri/ol  54 1  meets  the  lubricity  requirement  at  a  REC  of  1 3.0  g/m-^,  its  MEC  ( 1 .5  X  1 3.6  g/m  ’ 
=  20.4  g/m’)  exceeds  its  current  MAC,  and  as  a  result  would  fail  to  qualify.  The  same  is  true  for  Nuchem 
PCM05.  whose  redefined  REC  exceeds  its  MAC.  Since  MAC  for  CIs  arc  defined  primarily  by  their 
effect  on  WSIM  and  changes  in  electrical  conductivity,  it  is  al.so  unlikely  that  Lubrizol  54 1  and  Nuchem 
PCI-105  would  meet  the  requirements  that  1. 5  times  the  REC  not  give  a  WSIM  value  less  than  70  nor 
result  m  a  change  greater  than  40  percent  in  electrical  conductivity  of  a  fuel  containing  sialic  dissipator 
additive. 

One  other  Cl,  Tolad  245,  only  marginally  meets  the  requirements  of  the  proposed  revision.  The  REC  was 
determined  to  be  2 1 . 1  g/m’  (highest,  second  only  to  Tolad  249)  thus  making  its  MEC  3 1. 6  g/m’  .  MAC  is 
set  at  3 1. 5  g/m’  by  QPL  25017-15.  Of  the  three  additives  failing  to  meet  the  proposed  lubricity 
requirement  for  MIL-I-2501 7D,  only  Tolad  249  is  among  those  Cl  most  commonly  used  by  the  AF 
according  to  a  1984-1985  survey  shown  in  Figure  9. 

An  important  aspect  lo  be  considered  in  incorporating  a  lubricity  requirement  into  the  current  military 
specification  is  ihe  nceil  for  a  specific  reference  lluid.  Under  the  suggested  guidelines  lor  a  revised 
MIL-i-250l7D  specification,  passing  or  failing  a  particular  product  may  be  dependent  on  the  test  fluid  in 
which  It  IS  evaluated.  Fuel  properties  are  not  likely  to  remain  constant  in  lulure  years.  Therefore,  for  the 
puqrosc  of  approving  a  candidate  Cl  for  the  QPL,  the  reference  fluid  should  be  a  relatively  pure 
hydrcKarbon  of  a  known,  consistent,  composition.  Isopar  M  meets  the  above  requirements.  Its 
composition  is  well  known  and  there  is  a  considerable  data  base  available  lor  Isopar  M  in  terms  ol 
lubricii)  testing.  Currently,  Isopar  M  containing  ^0  |)pm  DC1-4A  is  used  as  the  primary  relcronce  fluid 
and  ncai  Isopar  M.  containing  no  additive,  is  used  as  the  sccoiulary  relerencc  lluid  in  the  standard 
BtK  'LF  lest  procedure. 
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TABLE  3 

EFFECT  OF  REDEFINING  RELATIVE  EFFECTIVE  CONCENTRATION  IN  JP-4 


Corrotion  Inhibitor 

Redefined 

REC 

(0  60  WSD) 

qPL 

REC 

Redefined 

MEC 

(I  ax  REC) 

QPL 

MEC 

QPL 

MAC 

WSD 
at  MAC 

IPC-4410 

5.3 

6 

8.0 

9.0 

22.5 

0.48 

NALCO  5405 

6.8 

6 

10.2 

9.0 

22.5 

0.50 

lPC-4446 

9.0 

6 

13.5 

9.0 

22.5 

0.50 

P-3305 

8.3 

9 

12.4 

13.5 

31.5 

0.52 

NALCO  5403 

9.0 

6 

13.5 

9.0 

22.5 

0.53 

UNICOR  J 

6.8 

6 

10.2 

9.0 

22.5 

0.53 

MOBILAO  F-SOO 

6.8 

6 

17.0 

9.0 

22.5 

0.52 

TOLAD  245 

21.1 

15 

31.6 

22.5 

31.5 

0.54 

DCI-6A 

8.3 

6 

12.4 

9.0 

22.5 

0.54 

LUBRIZOL  541 

13.6 

6 

20.4 

9.0 

15.0 

0.54 

DCI-4A 

9.0 

6 

13.5 

9.0 

22.5 

0.55 

HITEC  E-580 

8.3 

6 

12.4 

9.0 

22.5 

0.55 

PRI  19 

14.3 

6 

21.4 

9.0 

22.5 

0.56 

TOLAD  249 

>22.6 

6 

>33.9 

9.0 

22.5 

0.61 

WELCHEM  91120 

8.3 

6 

13.5 

9.0 

22.5 

0.52 

NUCHEM  PCM05 

12.3 

12 

19.2 

18.0 

18.0 

0.54 

NotM: 

(1)  REC  •  Relative  Elffective  Concentration 

(2)  MEIC  •  Minimum  Effective  Concentration 

(3)  MAC  •  Maximum  Allowable  Concentration 

(4)  0.60  WSD  “  Maximum  BOCLE  WSD  advocated  by  .Air  Force 

(5)  QPL  -  QPL-25017  1S _ 

emi/ii 
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Figure  9.  Air  Force  Corrosion  Inhibitor  Usage  for  JP-4  in  FYH5 
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3.3  REFINEMENT  OF  RPHPLC  METHOD  FOR  DETERMINING  CT  CONTENT 
IN  JET  FUELS 

3J.I  Method  Development  (joals 

The  objective  of  this  investigation  was  the  development  of  a  relatively  simple  method  for  quantifying  Cl 
content  in  jet  fuels.  The  overall  goal  was  the  development  of  a  method  that  could  be  setup  and  utilized  by 
Air  Force  quality  assurance  laboratories  and  by  refineries.  Specific  goals  set  for  the  method  were; 

•  No  sample  pretreatmenl  be  required. 

•  Applicability  to  all  approved  Cl. 

•  Good  precision  and  accuracy. 

•  In.strumentation  be  moderate  in  cost,  readily  available  and  not  require  special  expertise  in  data 
interpretation. 


3.3.2  Preliminary  Method  Development  •  Theory  and  Mechanism 

The  theory  upon  which  the  current  methodology  was  developed  takes  advantage  of  the  unique  properties 
of  the  Cl  components  and  the  ability  of  RPHPLC  to  resolve  those  components.  All  of  the  approved  Cl 
use  polar,  surface-active  organic  compounds  as  active  ingredients.  Most  are  similar  to  the  trimer,  dimer, 
and  monomer  (inolcic  acids.  The  material  safety  data  sheets  for  eleven  Cl  describe  active  i.ngredieiiis  as 
high  molecular  weight  organic  acids  or  their  derivatives.  One  exception  was  Tolad  24.S.  which  is 
described  as  "acylatcd  glycols  and  alkanolamines."  Four  Cl  claim  proprietary  ingredients  only. 

The  active  ingredients  used  in  Cl  do  not  lend  themselves  well  to  gas  chromatography  because  ol  their 
low  volatility  and  would  require  derivation  prior  to  analysis.  Other  methods  such  as  infrared  s[x;ctrometry 
require  extraction  of  the  Cl  from  the  fuel  matrix  prior  to  detection.  In  addition,  infrared  specuoscopy 
requires  expert  data  interpretation. 

However,  considering  the  ionic  nature  and  the  molecular  size  ol  the  Cl  components,  it  aptxJared  |H)ssible 
to  use  liquid  chromatography  for  separation  from  the  fuel  matrix  prior  to  detection.  An  ultraviolet 
detector  was  chosen  because  carboxylic  acids  absorb  fairly  well  in  the  ultraviolet  region  of  2()()  to  211) 
nanometers.  This  type  of  detector  is  very  stable,  .sensitive,  and  readily  available. 

The  preliminary  method,  described  in  Reference  8,  demonstrated  that  polar  high  molecular  weight  (MW) 
compounds  such  as  the  mrxlei  compound  dilinolcic  acid,  could  be  separated  from  a  fuel  matrix  and 
quantified  down  to  about  one  ppm.  This  was  accomplished  using  a  cyanopropyl  bonded  phase  column 
and  a  mobile  phase  composed  of  60  percent  isopropanol  and  40  percent  buffer  (pH  7.0,  0..^96  M  KH,  H)4 
/NaOH).  This  mode  of  HPLC  analysis  is  termed  reverse  phase  becau.se  the  mobile  phase  is  more  (X)lar  in 
nature  than  the  column  stationary  phase.  Normal  phase  HPLC  is  just  the  opposite. 

The  apparent  separation  mechanism  of  the  cyanopropyl  column  is  size  exclusion  of  ionically  neutralized 
Cl  components.  Size  exclusion  describes  the  mechanism  by  which  sample  molecules  elute  through  a 
column  stationary  phase  according  to  their  MW,  the  largest  molecules  passing  through  the  column  first. 
The  order  of  elution  is  trimer  linoleic  acid  (MW  845),  dimer  linoleic  acid  (MW  565),  and  mono  linoleic 
acid  (MW  282)  followed  by  the  fuel  matrix  components  (MW  less  than  225).  The  buffer  ionically 


neutralizes  the  acids  at  a  pH  of  7.0  causing  them  to  elute  as  narrow  zones  that  increases  their 
detectability.  This  mechanism  is  termed  ionization  suppression  (IS).  IS  is  believed  to  control 
chromatographic  retention  by  suppressing  the  ionization  of  the  ionic  sample  with  a  mobile  phase  modifier 
such  as  a  buffer.  IS  is  most  useful  in  the  range  of  pH  3  to  8  and  is  normally  performed  using  reversed 
phase  columns  (i.e.,  C-18  (octadecyl),  C-8  (octyl),  etc.).  The  result  is  the  elution  of  compounds  exhibiting 
sharper  peaks  than  peaks  produced  without  the  buffer. 

In  support  of  this  theory,  the  presence  of  the  KH2  PO4  /NaOH  buffer  was  necessary  as  no  p>eaks  were 
observed  when  pure  water  was  substituted.  Further  evidence  is  given  by  capacity  factor  (k')  calculations 
that  can  be  defined  as  a  measure  of  chromatographic  efficiency.  Small  k'  values  indicate  that  the  solute  is 
not  well  retained  by  the  column  packing.  The  k'  for  dilinoleic  acid  was  0.0  and  that  of  linoleic  acid  was 
0.14.  This  indicates  that  both  compounds  are  essentially  unretained  by  the  column  and  implies  a 
separation  mechanism  of  size  exclusion  facilitated  by  IS.  The  result  is  an  on-column  separation  of  Cl 
components  from  the  fuel  matrix.  The  sample  with  no  pretreatment  is  simply  injected  directly  into  the 
chromatograph  for  analysis. 

A  limited  survey  of  Cl  was  conducted  using  the  RPHPLC  method.  Figure  10  is  a  chromatogram  of 
DC1-4A  obtained  by  this  method.  The  survey  indicated  that  most  Cl  were,  in  fact,  multi-component  and 
that  greater  chromatographic  resolution  between  the  components  would  be  necessary  to  achieve  good 
precision  and  accuracy. 


Chart  Speed  0.9  cm/min 
Atterr.  32  Zero:  10%  1  Min/Tek 

Figure  W.  Chromatogram  ofDCI-4A  Using  Preliminary  RPHPLC  Method 


3.3.3  Method  Modification 

This  phase  of  the  investigation  focused  upon  modification  of  the  preliminary  method  to  improve  the 
chromatographic  resolution  of  the  Cl  components.  Building  upon  the  previous  research,  it  seemed 
obvious  to  evaluate  the  possibility  of  increasing  resolution  by  increasing  the  analytical  column  length.  It 
was  found,  however,  that  as  column  length  was  increased,  the  peak  widths  increased,  but  with  no 
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improvemeni  in  resolution.  Adjustments  in  the  mobile  phase  also  failed  to  provide  the  needed  resolution. 

Various  other  column  types  were  coupled  after  the  cyanopropyl  column  to  evaluate  their  effect  on  Cl 
peak  resolution.  Amino,  phenyl,  C-18  and  C-8  bonded  phases  were  rigorously  evaluated,  including  ion 
pairing  techniques,  but  no  increase  in  Cl  component  resolution  was  obtained.  In  fact,  it  became  apparent 
that  adjustments  made  to  increase  k'  of  the  components  by  mobile  phase  or  column-type  changes  either 
had  no  effect,  or  so  dramatically  increased  k'  that  the  Cl  components  were  lost  in  the  fuel  matrix  peak. 

Ion  exchange  chromatography  (lEC)  was  also  evaluated.  Typically,  lEC  is  difficult  to  use  because  of  the 
many  variables  that  can  affect  results.  It  does,  however,  offer  the  capability  to  precisely  vary  the 
chromatographic  retention  of  ionic  compounds.  The  first  column  investigated  was  a  Pariicil  10  SAX 
strong  anion  exchange  (Whatman).  Use  of  this  column  resulted  in  too  much  retention  of  the  Cl 
compounds  that  caused  them  to  be  lost  in  the  fuel  matrix  peak.  Attempts  to  decrease  retention  by  varying 
the  mobile  phase  parameters  proved  unsuccessful.  Results  did  indicate,  however,  that  weak  ion  exchange 
columns  could  likely  provide  the  desired  resolution.  Subsequently,  a  carboxymethyl  weak  ion  exchange 
column  (Toyo  Sota  Co.)  was  coupled  to  the  cyanopropyl  column.  Mobile  phase  ionic  strength,  pH,  and 
percent  organic  modifier  were  varied  and  evaluated  for  optimum  conditions.  DC1-4A  in  clay  treated  JP-4 
was  used  to  evaluate  the  test  parameters.  DC1-4A  was  chosen  because  of  its  complex  nature.  Information 
from  DuPont  Co.  indicated  that  DCI-4A  was  about  16  percent  high  polymers  or  irimer  acids,  53  percent 
dimer  acids,  18  percent  monomer  acids,  and  13  percent  rosins.  It  is  a  byproduct  of  pine  tree  cellulose 
processing. 

The  low  percentage  of  trimer  acid  in  DCI-4A  caused  its  peak  to  appear  only  as  a  leading  shoulder  on  the 
dimer  peak  at  a  32  ppm  level  of  DCI-4A.  However,  a  blend  of  23  ppm  trimer  (TLA),  25  ppm  dimer 
(DLA),  and  21  ppm  monomer  linoleic  acid  (MLA)  produced  a  very  good  separation.  Figure  11-a  shows 
the  chromatogram  of  the  additive-free  JP-4  used  to  make  the  blend  while  Figure  11-b  shows  the  .separation 
achieved  for  the  trimer,  dimer,  and  monomer  peaks.  Very  good  resolution  (R=0.9)  of  the  trimer  acid 
from  the  dimer  acid  was  obtained.  Previously,  the  trimer  and  dimer  acids  coeluted  first,  followed  by 
coelution  of  the  monomer  acids  plus  the  rosins  and  polar  fuel  components. 

At  this  point,  several  observations  were  made  that  caused  reconsideration  of  which  additive  components 
or  peaks  should  be  used  for  calibration.  These  observations  are  summarized  below: 

(!)  A  review  of  chromatograms  for  fuels  before  and  after  storage  suggested  that  dimer  acid  levels 
may  diminish  rapidly  with  time.  It  appeared  that  monomer  acids,  however,  diminished  at  a  much 
lesser  rate  and  may  more  closely  approximate  the  Cl  content  of  a  fuel  upon  receipt  of  the  sample. 

(2)  BOCLE  data  indicated  that  MLA  is  an  excellent  fuel  lubricity  improver.  BOCLE  results  on  three 
neat  JP-4  samples  containing  10  ppm  MLA,  DLA,  and  TLA,  respectively,  showed  the  order  of 
lubricity  enhancement  to  be  MLA  (0.51mm  WSD)  greater  than  DLA  (0.55  mm  WSD)  greater 
than  TLA  (0.56  mm  WSD). 

(3)  A  high  density  fuel  sample  (87-POSF-2605)  received  from  AI^AL/POSF  for  determination  of 
fuel  lubricity  and  Cl  content  produced  a  BCX^LE  WSD  of  0.51  mm.  Using  the  BOCLE  curves 
showing  WSD  vs  Cl  concentration,  a  0.51  mm  WSD  was  indicative  of  approximately  24  ppm 
DC1-4A.  When  calibrating  on  the  dimer  peak.  RPHPLC  analysis  indicated  a  Cl  content  of  9.5 
ppm.  However,  when  calibrations  were  performed  on  the  monomer  peak,  the  Cl  content  measured 
22  ppm  that  agreed  significantly  better  with  the  BOCLE/Cl  curves. 

One  point  of  concern  was  that  some  fuels  displayed  a  small  additional  peak  that  coeluted  close  to  the 
same  retention  time  as  the  monomer  acid  peak,  and  this  could  be  conuibuting  to  the  integrated  peak 
height  of  the  monomer.  The  above  findings  indicated  that  further  method  development  was  necessary  to 
separate  the  monomer  acid  peak  from  the  fuel  components. 
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Experience  with  strong  cation  exchange  chromatography  and  the  information  gained  with  weak  ion  and 
strong  anion  columns,  indicated  that  the  use  of  a  strong  cation  exchange  bonded  phase  column,  coupled 
after  the  cyanopropyl  column,  could  be  made  to  provide  the  desired  separation.  With  small  mobile  phase 
modifications,  the  monomer  acid  peak  was  resolved  from  the  fuel  components  as  shown  in  Figure  12  at  a 
retention  time  of  5.657. 

Although  complete  resolution  of  the  monomer  peak  was  achieved,  there  was  some  loss  in  resolution 
between  the  trimer  and  dimer  peaks.  This  loss,  however,  did  not  seem  to  affect  quantitation  results. 
Analysis  of  the  87-POSF-2605  sample  was  repeated  using  DCI-4A  standards.  As  shown  in  Figure  13, 
calibration  on  the  dimer  peak  produced  a  result  of  9.2  ppm,  while  calibration  on  the  monomer  peak 
indicated  24.4  ppm  DCI-4A.  It  was  apparent  that  more  than  just  the  fuel  peak  (probably  the  rosins)  was 
resolved  from  the  monomer  peak  since  the  size  of  the  resolved  fuel  peak  was  much  greater  with  DC1-4A 
additive  than  without.  ApparenUy,  some  minor  EXri-4A  constituents  were  included  in  the  fuel  peak.  This 
peak  will  now  be  referred  to  as  "others"  to  acknowledge  this  observation.  The  retention  time  differences 
were  due  to  different  flow  rates  (i.e.  0.5  vs  0.75  mL/min.)  used  during  final  method  optimization.  This 
affected  retention  times  only. 

The  mechanism  of  this  separation  is  a  form  of  ionization  suppression  (IS)  as  described  earlier.  The 
phenylsulfonatc  bonded  phase  of  the  Particil  10  SCX  strong  cation  exchange  column  acts  to  provide  the 
reverse  pha.se-likc  surface  nonnally  used  in  IS;  except  there  is  the  cationically  active  sulfanate  moiety 
present.  We  found  that  by  adjusting  the  mobile  phase  pH  to  5.5,  the  ionic  strength  of  the  buffer  to  0.02 
M,  and  using  a  methanol  organic  modifier  at  90  volume  percent,  good  separation  of  the  Cl  components 
was  obtained.  We  believed  that  under  these  conditions,  the  sulfanate  moiety  competes  to  some  degree 
with  the  trimer,  dimer,  and  monomer  acids  and  the  "other"  components  for  the  available  sodium  and 
potassium  cations.  This  action  tends  to  slightly  increase  retention  of  both  the  Cl  and  "other"  components 
on  the  phenyl  pha.se,  thus  providing  the  desired  separation. 

In  addition,  we  udl^vcd  ih:.*,  only  polar  molecules  and  large  molecules  with  molecular  weights  greater 
than  about  200  are  eluted  ahead  of  the  fuel  matrix  peak.  As  shown  in  Figure  11,  peaks  have  been 
observed  in  additive  free  fuels  with  this  method.  These  peaks  could  be  naturally  occurring  lubricity 
comptounds,  auto-oxidation  products  or  other  contaminants.  Therefore,  the  method  may  have  applications 
in  the  isolation  and  identification  of  naturally  occurring  lubricity  agents  and  in  studies  of  fuel  thermal 
stability. 
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a.  (M  JP-4 
AddtNa  Fra* 


Chart  Spaad  0.9  crt^nin 
AMn:  32  Zaro:  10%  1  mn/Hcfc 

Figure  11 . 
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Carboxymelhyl  Column  Separation  of  Dimer,  Trimer  and  Monomer 
Linoleic  Acids  in  Additive  Free  Sun  Oil  JP-4 
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Chart  Spaad  0.9  cm/min 
Attan;  32  Zaro:  10%  1  nwi/t>ck 

Figure  12.  Chromatogram  of  Resolved  Monomer  Acid  Peak 


3.3.4  Finalized  Test  Method 

The  insirumentaiion  described  in  Section  H  was  used  lor  all  QPL  Cl  evaluations  with  the  exception  of  the 
substitution  of  the  50-mL  sample  kxip  for  that  of  a  20-mL  sample  loop  on  the  Rheodyne  injector  valve. 
The  instrumental  r-onditions  used  in  the  final  method  arc  given  here: 
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A  cyanopropyl  bonded  phase  column  (Brownleo  Labs),  5  micron  particle  size,  22  cm  X  4.6  mm  with  3 
cm  cyanopropyl  guard  column,  coupled  to  a  Pariicil  10  SCX  column,  25  cm  x  4.6  mm  (Whatman, 
Clilton,  NJ)  were  used  for  the  separations.  It  should  be  noted  that  the  internal  diameter  of  the  column 
connecting  tube  will  affect  the  Cl  peak  shape  as  shown  in  Figure  14.  Considerable  peak  broadening  can 
occur  when  t.he  tubing  is  increased  from  0.007  inches  to  0.01  inches. 


87-POSE-2805 
Dtmer  9.2  ppm 
Monomer  24.4  ppm 


8.857 

9.516 

10.625 


1  -  1  I  I  I  I  I  I  I  I  I  I 

Chart  Speed  0.9  cm/min 
Atten;  32  Zero:  10%  1  min/tick 


Chart  Speed  0.9  cm/min 
Atten;  32  Zero;  10%  1  min/tick 

FDA  34«193 


Figure  13.  Effect  of  Storage  on  Cl  Concentration:  Stored  87  POSF-2605  Sample 

Versus  New  Blend 


The  mobile  phase  consi.sted  of  90  percent  methanol  and  10  percent  buffer  (pH  5.5,  0.02  M  KH2  PO4 
/NaOH).  The  buffer  solution  was  prepared  by  diluting  50  mL  of  0.1  M  KH2  PO4  and  2.5  mL  of  0.1  M 
NaOH  to  250  mL  with  HPLC  grade  water.  The  column  heater  was  set  to  30-C  (86°F)  to  eliminate  the 
effect  of  temperature  fluctuations  on  the  chromatographic  separation.  We  found  that  a  1°C  column 
temperature  change  altered  peak  retention  times.  A  temperature  of  30°C  (86°F)  was  sufficient  to 
overcome  this  problem  and  yet  not  damage  the  column  packing.  In  addition,  baseline  fluctuations  and 
system  reequilibration  time  were  reduced  with  column  temperature  control. 

The  standards  and  samples  were  syringe  injected  directly  into  the  HPLC  .system  via  the  20-mL  sample 
loop.  A  5(X)-mL  smooth  bore  glass  and  Teflon  syringe  was  best  for  this  purpose.  The  sample  loop  was 
first  washed  with  a  500-mL  aliquot  of  sample  from  the  syringe.  The  second  500-mL  aliquot  was  the 
analysis  sample.  This  assured  complete  sample  loop  filling  and  that  sample  loss  and  cross  contamination 
was  minimized.  Between  samples,  the  syringe  plunger  was  removed  and  the  syringe  was  thoroughly 
cleaned  with  isopropyl  alcohol  and  acetone.  It  was  then  dried  with  clean  nitrogen. 

During  a  chromatographic  analysis,  the  additives  eluted  first,  ahead  of  the  fuel  matrix.  After  the  Cl 
products  and  the  bulk  of  the  fuel  had  eluted,  it  was  necessary  to  remove  the  rest  of  the  fuel  sample  from 
the  column  prior  to  the  next  analysis.  To  accomplish  this,  a  programmed  wash  cycle  using  the  ternary 
reservoir  capability  of  the  chromatograph  was  used.  Table  4  shows  time,  reservoir,  percent,  and  flow  rate 
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in  mL/minute.  Reservoirs  A,  B  and  C  contained  isopropanol,  melhanol/buffer  solution,  and  HPLC  grade 
water,  respectively.  Analysis  time,  including  wash  and  reequilibration  of  the  columns,  was  35  minutes. 


b.  Tubing  ID:  0.007  inch 
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Chart  Spaed  0.9  cm/min 
Attan:  M  Zero:  10%  1  min/tick 


Chart  Speed  0.9  cm/min 
Atten:  64  Zero:  10%  1  min/tlck 


Figure  14.  Effect  of  Connecting  Tubing  I.D.  on  Peak  Broadening 


TABLE  4. 

COLUMN  WASH  GRADIENT  PROGRAM 


Reservoir 


Time 

%A 

%B 

%c 

Flow 

0.00 

0 

100 

0 

0.75 

8.00 

0 

100 

0 

0.75 

8.S0 

0 

0 

100 

1.0 

9.00 

50 

0 

50 

9.50 

50 

0 

50 

10.00 

100 

0 

0 

16.00 

100 

0 

0 

16.50 

0 

0 

100 

17.00 

0 

0 

100 

17.50 

0 

50 

50 

18.00 

0 

100 

0 

28.00 

0 

100 

0 

1.0 

28.50 

0 

100 

0 

0.75 

35.00 

0 

100 

0 

0.75 

mmi/n 
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Prior  to  shutting  the  system  down,  pure  water  was  pumped  through  the  columns  for  at  least  five  minutes 
at  0.75  mL/minute  followed  by  20  minutes  of  isopropanol  at  0.75  mL/minute.  This  removed  all  buffer 
salts  and  preserved  the  system  and  columns  again.st  bacterial  growth  and  corrosion, 

3.3.5  Applicability  to  QPL-25017-15 

Standards  were  prepared  and  analyzed  at  four  different  concentrations  for  each  QPL  Cl.  These  results 
were  subjected  to  linear  regression  analyses.  Appendix  F  contains  the  calibration  chromatograms  for  the 
15  approved  Cl.  With  the  exception  of  Lubrizol  541,  Tolad  245,  and  Tolad  249  the  principal  ingredient 
seems  to  be  dimer  acids  Lubrizol  541  appears  to  contain  mainly  monomer  acid  types.  Tolad  249  appears 
to  contain  a  relatively  high  percentage  of  trimer  acids  at  a  retention  lime  of  4.89  minutes.  Tolad  245  peak 
shape  and  retention  times  do  not  correspond  to  trimer,  dimer  or  monomer  acids.  This  is  because  the 
active  ingredients  arc  not  acids,  but  "acylated  glycols  and  alkanolamines.'  It  is  interesting  to  note  that  the 
method  is  applicable  to  these  compounds  as  well.  Figures  F-16  and  F-i7  of  Appendix  F  show 
chromatograms  of  the  CT  JP-4  base  fuel  and  of  trimer  linolcic,  dimer  linolcic,  and  monomer  linoleic 
acids,  respectively.  Comparison  of  these  retention  times  with  those  obtained  for  the  various  Cl  additives 
is  helpful  in  iheii  understanding. 

Table  5  contains  the  SEE,  correlation  coefficient,  and  y-intcrcept  for  each  Cl.  The  worst  correlation 
coefficient  was  that  of  IPC  4410  with  a  0.993.  The  best  was  Tolad  245  at  1 .00.  SEE  varied  from  a  high  of 
2.0  ppm  for  IPC  4410  to  a  low  of  0.12  ppm  for  Tolad  245. 


TABLE  5 

LINEAR  RE(;RE,SSI()N  STATISTICS  FOR  Cl  CALIBRATION  STANDARDS 


Cl  Proditct  Name 

Correlation  Coefficient 

SEE 

Y  Axu  Intercept 

DC1-4A 

0.597 

1.17 

-2.0 

DCl-iiA 

0.995 

1.87 

-1.4 

HITEC  580 

0.999 

0.81 

-1.9 

IPC  *410 

0,993 

2.00 

-4.5 

IPC  4*45 

0.999 

0.24 

-1.3 

LUBRIZOL  541 

0.998 

0.98 

-1.9 

MOBILAD  F800 

0.999 

0.64 

0.1 

NALCO  5403 

0.994 

1,68 

-3.4 

NALCO  5405 

0.994 

1.27 

-5.4 

PCI  106 

0.999 

074 

-1.1 

PRI  19 

0.997 

1.08 

-1.8 

TOLAD  245 

1.000 

0.12 

-5.5 

TOLAD  249 

0.997 

1.47 

0.7 

UNICOR  J 

0.998 

1,05 

-2.5 

WELCHEM  91120 

0.999 

0.87 

-2.7 

RI«91A1 


Extreme  care  and  gixxl  analytical  technique  were  required  when  making  up  Cl  standards.  The  slock 
standard  was  prepared  by  weighing  the  additive  concentrate  to  four  decimal  places  in  a  clean  Teflon 
bottle  then  volumetricallv  diluted  with  clay  treated  or  additive  free  fuel.  Serial  dilutions  into  appropriate 
volumeirically  pipetted  quantities  of  fuel  diluent,  in  Tefio",  were  ihcn  made.  The  pipeis  used  were 
thoroughly  cleaned  and  then  rinsed  several  limes  with  sUKk  standard  prior  to  making  the  woi'  ing 
standards.  It  was  found  that  failure  to  follow  this  procedure  would  yield  cither  erroneously  high  results 
lor  unknowns  if  a  single  point  external  standard  calibration  was  made,  or  a  low  correlation  coefficient 
and  SEE  if  a  calibration  line  was  used. 

The  typo  luel  used  as  diluent  did  not  appear  to  matter.  Gootl  results  were  obtained  using  CT  JP-4 
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standards  to  analyze  JP-5  and  JP-8X  type  fuels.  However,  until  more  experience  is  gained,  the  use  of  clay 
treated  fuels  of  the  type  to  be  analyzed  for  standards  preparation  is  recommended. 

3J.6  Chromatograms 

Upon  first  inspection,  the  chromatograms  in  Appendix  F  appear  to  have  unique  fingerprints  by  which 
each  additive  might  be  identified.  Close  examination,  however,  reveals  that  many  have  e.s.senualiy  the 
same  fingerprints,  especially  at  lower  concentration  levels.  Further,  the  spectra  will  probably  be  altered 
after  the  effects  of  storage  and  transport  have  acted  upon  the  Cl/fuel  blend.  The  dramatic  effect  of  Cl 
depletion  can  be  seen  in  Figure  13,  which  compares  the  chromatogram  of  a  DCI-4A  fuel  blend  subjected 
to  short  term  storage  to  that  of  a  freshly  blended  sample. 

The  use  of  a  single  compound  such  as  dilinoleic  acid  to  quantify  these  additives  does  not  appear  to  be 
possible.  The  UV  detector  responses  to  different  Cl  at  the  same  concentration  do  not  correlate  well  when 
calibrating  on  the  ULA  peak  alone.  There  are  a  number  of  possible  explanations  fur  this  lack  of 
correlation; 

•  Differences  in  percent  active  ingredient  between  Cl. 

•  Variability  due  to  different  isomeric  forms  of  dimer  linoleic  acid.  Emery  Chemical  Co.  indicated 
that  they  could  not  verify  the  molecular  structure  of  their  97  percent  pure  dilinoleic  acid  used  in 
this  study.  The  dimer  linkage  can,  apparently,  be  verv  complex. 

•  Dimer  acids,  other  than  linoleic,  could  be  u,sed  as  active  ingredients  in  Cl.  These  dimer  acids, 
differing  in  carbon  number  or  placement  of  the  double  bonds  could  have  similar  chromatographic 
retention  times,  but  produce  different  UV  detector  responses. 

It  is,  therefore,  necessary  to  know  what  additive  was  blended  into  a  fuel  in  order  to  obtain  the  best 
analytical  results.  This  would  limit  the  accuracy  of  determinations  made  on  co-mingled  bulk  storage 
tanks  where  several  different  Cl  may  be  present.  However  for  quality  assurance  testing  conducted  by 
suppliers  (i.e.,  refiners)  and  users  (e.g..  Air  Force  bases),  this  is  not  considered  a  severe  limitation  since, 
in  most  cases,  the  type  of  Cl  added  to  a  fuel  is  known  by  the  user. 


SFXTION  4.0 

CONCLUSIONS  AND  RECOMMENDATIONS 


The  technical  effort  performed  under  this  program  fulfilled  the  need  to  reevaluate  Cl  in  terms  of  lubricity 
enhancement  and  refine  the  RPHPLC  method  for  determining  Cl  content  in  jet  fuels.  It  also  produced 
functional  references,  working  curves  and  spectral  fingerprints,  to  assist  in  predicting  and  circumventing 
potential  lubricity  related  fuel  system  problems.  The  work  resulted  in  the  following  accomplishments; 

•  Establishment  of  the  conceniratien  required  for  each  QPL  Cl  to  provide  minimum  lubricity 
improvement  based  on  a  0.60  mm  WSD. 

•  Generation  of  polynomial  curve  fits  profiling  Cl  efficiency  in  jet  fuels. 

•  Comparison  ol  maximum  lubricity  improvement  attainable  for  each  Cl  at  maximum  allowable 
concentration. 

•  Approach  for  incorporating  a  lubricity  requirement  into  MIL-1-25017. 
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•  Rcrinomcni  ol  the  RPHPLC  method  and  determination  of  its  applicability  to  QPL  Cl. 


•  Generation  ot  an  RPHPLC  spectral  library  of  QPL  CL 

4.1  CORROSION  INHIBITOR  EVALL  ATIONS 

Conclusions  drawn  from  lubricity  evaluations  of  the  Cl  approved  under  MIL-I-25017D  included  the 
following: 

•  In  general,  fuel  type  has  little  effect  on  Cl  performance. 

•  Temperature  appears  to  have  a  significant  effect  on  fuel  lubricity.  Linder  standard  operating 
conditions,  however,  assessment  ol  the.se  elfects  arc  beyond  the  current  capabilities  ol  the  BOCLE. 


•  Cl  have  unique  performance  profiles  in  terms  of  the  concentrations  required  to  achieve  acceptable 
lubricity  and  the  maximum  lubricity  improvement  attainable  at  maximum  allowable 
concentrations. 


•  Eltective  Cl  concentrations  for  lubrici;y  improvement  range  from  6.6  to  greater  than  22.8  g/m^. 

•  Maximum  effective  Cl  concentrations,  at  which  no  further  reduction  in  WSD  is  realized,  range 
from  M  to  .M  .5  g/m\ 

•  Only  SIX  of  the  Cl  evaluated  exhibit  acccpiablc  lubricity  improvement  at  the  'minimum  ellectivc 
concentration'  levels  defined  by  QPL -2.60 17- P's. 

•  Cl  lall  into  three  distinctive  performance  groups  in  relation  w  total  reduction  in  WSD  achieved  at 

maximum  allowable  concentration  and  concentration  required  to  achieve  a  0.60  mm  WSD. 

4  ipC-4410  was  found  to  be  the  most  efiectivc  Cl  at  improving  the  lubricity  properties  of  jet  fuels, 
while  Tolad  249  was  found  to  be  the  least  effective. 

Recommendations  lor  further  study  include  the  selection  ol  a  specific  reference  fluid  for  the  purpose  of 
approving  Cl  for  the  QPL  It  is  also  recommended  that  future  work  evaluate  the  currently  approved  Cl  in 
the  selected  relerence  Ouid  at  a  lOOO-g  applied  load  in  accordance  with  the  latest  CRC  revision  of  the 
HCK'LE  test  procedure.  It  is  proposed  that  performance  profiles  be  generated  over  a  range  of  nine 
conceiUrations  and  the  relative  el  fee  live  concentration  be  established.  A  correlation  between  previous 
work  conducted  at  .6(K)-g  load  and  that  performed  at  the  lOOO-g  load  should  be  presented. 

4.2  PROPOSED  MIL-1-25017  LUBRICITY  REQUIREMENT 

A  ihorougli  review  ol  MIL-L-2.601 7,  current  Air  Force  quality  assurance  requirements,  and  fleet  support 
needs  resulted  in  the  following  conclusions: 

•  A  lubricity  requiremeni  can  be  easily  incorporated  into  MlL-I-2.6f)l 7  with  minimal  changes  to  the 
current  spec  ilicaiioii  and  no  significant  elieci  on  other  criteria  used  in  qualilying  candidate  Cl. 

•  Inclusion  (4  the  lubricity  requirement  can  be  most  readily  accomplished  by  redclinmg  REC  while 
lea\  ing  the  requirements  lor  MIX'  and  M  AC  unchanged. 

•  1  he  elleci  ot  redeliiiing  RfX'  is  dial  MIX'  would  be  increased  Kir  all  but  two  ol  the  currently 
approx ed  Cl. 
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•  Three  Cl  (Tolad  249,  Lubrizol  541,  and  Nuchem  PCI- 105)  would  be  disqualified  based  on  the 
proposed  MIL-I-25107  revision.  A  fourth  CIs  Tolad  245,  exhibited  marginal  performance  and 
should  be  closely  scrutinized  before  requalifying. 


4.3  REFINEMENT  OF  RPHPLC  METHOD 

The  RPHPLC  analytical  method  has  been  refined  and  can  quantitatively  determine  all  15  approved  Cl  in 
jet  fuels.  The  method  requires  no  sample  pretreatment,  allowing  direct  injection  of  the  fuel  to  be 
analyzed.  The  method  has  been  shown  to  provide  good  precision  and  accuracy.  Readily  available, 
moderate  cost  instrumentation  is  used.  Expert  data  interpretation  is  not  required  and  the  method  can  be 
automated  if  desired.  Additionally,  the  method  may  be  used  in  quality  control  for  detecting  changes  in  Cl 
concentrations  due  to  losses  during  transportation  and  storage.  Identification  of  an  unknown  Cl  based  on 
its  chromatogram  alone,  is  currently  not  within  scope  of  this  method  due  to  many  Cl  exhibiting 
essentially  the  same  spectral  fingerprint.  This  is  not  considered  a  severe  limitation  since,  in  most  cases, 
the  specific  Cl  added  to  a  fuel  is  known  by  the  user. 

It  is  recommended  that  the  RPHPLC  test  method  for  Cl  be  evaluated  in  a  second  laboratory.  This  would 
allow  for  procedural  "loop  holes"  to  be  closed,  if  found.  After  this,  a  round-robin  evaluation  of  the 
method  should  be  conducted  prior  to  its  general  use. 
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APPENDIX  A 

ISOPAR  M  PROPERTY  DATA  SHEET 


TYPICAL  PROPERTIES 

The  values  shown  here  are  representative  of  current  production.  Some  are  controlled  hy 
manufacturing  specifications,  while  others  are  not.  All  of  them  may  vary  within  modest  ranges. 
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Qualifications  Certified 


January  1987 


APPENDIX  B 

QUAUFIEO  PRODUCTS  UST 

fyr 

PRODUCTS  QUAUFIED  UNDER  MILITARY  SPECIFICATION 
MIL-l-25017 


QPL-25017-15 
Superceeding 
QPI.-25017-14 
U  April  1984 
rSC  6850 


This  list  has  been  prepared  for  use  by  or  for  the  Government  in  the  acquisition  of  products 
covered  by  the  subject  specification  and  such  listing  of  a  product  is  not  intended  to  and  does  not 
connote  endorsement  of  the  product  by  the  Department  of  Defense.  All  products  listed  herein 
have  been  qualified  under  the  requirements  for  the  product  as  specified  in  the  latest  effective 
issue  of  the  applicable  specification.  This  list  is  subject  to  change  without  notice;  revision  or 
amendment  of  this  list  will  be  issued  aa  necessary.  The  listing  of  a  product  does  not  release  the 
supplier  from  compliance  with  the  specification  requirements. 

The  activity  responsible  for  this  qualified  products  list  is  the  Air  Force,  ASD/ENES, 
Wright-Patterson  AFB  OH  45433-6503. 

The  qualified  products  are  listed  in  the  QPL  in  two  categories. 

Category  1  additives  are  approved  for  use  in  fuels  conforming  to  W-F-800,  W-G-1690, 
MIL-G-3066,  MIL-T  5624,  MIL-C-7024,  MIL-T -25624,  MIL-F-25558,  and  MIL-T-83133. 

Category  2  additives  are  approved  for  uae  in  fuels  conforming  to  MIL-T-5624,  MIL-C-7024, 
MIL-F-26658,  and  MlL-T -83133. 

The  QPL  lists  the  Government  designation,  which  is  also  the  additive  identification,  the 
approving  office  and  date  of  the  letter  of  approval,  the  manufactures’s  name  and  address,  and 
additive  specifications. 


Test  or 

Government  Manufacturer's  Qualification  Marmfacturer’t 

Designation  Designation  Reference  Name  And  Address 


Category  I 


PRl  19 


Relative  effective  cone  6 

(^«n) 

Minimum  effective  cone  9 

(g/in) 

Maximum  allowable  cone  22.5 

(g/m) 

Density  at  15’C  (kg/  )  0.88-0.92 

Visconsity  (centistokes  80-120 

at  37.8'C) 

Flashpoint  60 

(0*C,  minimum) 

Neutralixation  number  100-120 

Ash  content  0.10 

{%,  maximum) 

Pour  point  -18 

(*C,  maximum) 


AFWAL/POSF  Ltr,  Apollo  Technologies 
9  Apr  85  International  Corp. 

130  Speedwell  Ave 
Morris  Plains  NJ  07950 

Plant: 

c/o 

Kramer  Chemical  Inc. 
Atlantic  Ave  and 
Delaware  River 
Camden  NJ  08104 


Note: 


This  page  scanned  into  report.  Error  in  concentration  unit: 


g/m=g/m-^ 
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Government 

Deeignation 


DCI-4A 

R«ktiv«  effective  cone 

(f/m) 

Minimum  effective  cone 
(K4n) 

Meximum  allowable  cone 
(*/m) 

Denaity  at  15’C  (k*/L) 
Viacoaity  (centiitokes 
at  37.8*0 

Flashpoint  (*C,  minimum) 
Neuiraliaation  number 
Aab  content 
(%,  maxiffluffl) 

Pour  point 
(*C,  maximum) 

DCI-6A 

Relative  effective  cone 
(*/m) 

Minimum  effective  cone 
(s/m) 

Maximum  allowable  cone 
(|/m) 

Denaity  at  15*C  (k«/L) 
Viscosity  (centistokes 
St  37.8*0 

Flashpoint  (‘C,  minimum) 
Neutralization  number 
Ash  content 
maximum) 

Pour  point 
CC,  maximum) 


Test  or 

Manufacturer's  Quaiification 

Designation  Reference 


6  AFWAL/POSF  Ltr, 

15  Aug  83 
9 

22.5 

0.93-0.95 

48-68 

27 

100-124 

0.10 

-18 


6  AFWAL/POSF  Ltr. 

15  Aug  83 
9 

22.5 

0.93-0.95 

40-60 

27 

120-150 

0.10 

-18 


Mmufacturer  's 
Name  And  Address 


E.I.  duPont  deNemours 
and  Company 
C&P  Dept 

Specialty  Chemicals  Div 
Wilmingotn  DE  19898 


Note:  This  page  scanned  into  report.  Error  in  concentration  unit:  g/m=g/m^ 


GouemmerU 

Detignation 

Manufacturtr'a 

Detignation 

Test  or 
Quaiification 
Reference 

Manufacturer 's 
Name  And  Address 

HITEC  580 

Relative  effective  cone 

6 

AFWAL/POSF  Ltr, 

Ethyl  Petroleum 

(g/m) 

15  Aug  83 

Additives  Division 

Minimum  effective  cone 

9 

20  S.  Fourth  Street 

(g/m) 

St  Louis  MO  63102-188 

Maximum  allowable  cone 

22.5 

(g/m) 

Plant; 

Density  at  15*C  (kg/L) 

0.91-0.94 

Route  3 

Viscosity  (centistokes 

120-160 

Saugent  IL  62201 

at  37.8*0 

Flashpoint  (*C.  minimum) 

66 

Neutralization  number 

80-100 

Aah  content 

0.10 

(%,  maximum) 

Pour  point 

-18 

(*C,  maximum) 

WBRIZOL  54 1' 

Relative  effective  cone 

6 

AFWAL/POSF  Ltr, 

Lubrizol  Corporation 

(g/m) 

22  Mar  84 

PO  Box  428 

Minimum  effective  cone 

9 

Painaville  OH  44077 

(g/m) 

Maximum  allowable  cone 

15 

(g/a) 

Density  at  15*C  (kg/L) 

0.94-0.97 

Vlicoaity  (centistokes 

34-48 

at  37.8*0 

Flashpoint  (*C,  minimum) 

14 

Neutralization  number 

152-172 

Aah  content 

0.10 

(%,  maximum) 

Pour  point 

-18 

(*C,  maximum) 

Note;  This  page  scanned  into  report.  Error  in  concentration  unit;  g/m=g/m 


3 


24ft 


Government 

Manufacturer's 

Designation 

Designation 

NALCO  5403 

Relative  effective  cone 

6 

(g/m) 

Minimum  effective  cone 

9 

Ig/ra) 

Maximum  allowable  cone 

22.5 

(g/m) 

Density  at  IS'C  (kg/L) 

0.92-0.94 

Viscosity  (centistokes 

25-50 

at  37.8*0 

Flashpoint  (*C,  minimum) 

38 

Neutralization  number 

70-100 

Ash  content 

0.10 

{%,  maximum) 

Peur  point 

-IS 

(*C,  maximum) 

TOLAD  245 

Relative  effective  cone 

15 

(g/m) 

Minimum  effective  cone 

22.5 

(g/m) 

Maximum  allowable  cone 

31.5 

Ig/m) 

Density  at  15*C  (kg/L) 

0.94-0.96 

Viscosity  (centistokes 

7-14 

at  37.8*0 

Flashpoint  ('C,  minimum) 

32 

NeutraUzaiion  number 

50-62 

Ash  content 

0.10 

1%.  maximum) 

Pour  point 

-18 

CC,  maximum) 

Test  or 

Qualtficat ion  Manufacturer  s 

Reference  Name  And  Address 


AFWAL/POSF  Ltr.  NaJco  Chemical  Company 

15  Aug  33  77011  Highway  90A 

Sugar  Land  TX  77478 


AFWAL/POSF  Ltr,  Petrolite  Corporation 
IS  Aug  33  369  Marshall  Ave 

St  Louis  MO  63119 

Plant: 

369  Marshall  Ave 
St  Louis  MO  63119 


Note:  This  page  scanned  into  report.  Error  in  concentraiion  unit.  g/m=g/m-^ 
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(touernment 

Designation 

Manufacturer's 

Designation 

Test  or 
Qualification 
Reference 

Manufacturer’s 
Same  And  Address 

I’NICOR  J 

Relative  effective  cone 

6 

AFWAL/POSF  Ltr, 

UOP.  Inc, 

(g.m) 

15  Aug  83 

Box  .5017 

Minimum  effective  cone 

9 

20  Algonquin  Road 

(g/m) 

Des  Plaines  IL  60017-501 

Maximum  allowable  cone 

22.5 

and 

Ig/m) 

Universal- Matthey 

Density  at  15'C  (kg/L) 

0.9;1-().94 

Products  (France)  S.A. 

Viscosity  (centistokes 

65-85 

Rue  D'epinal 

at  av.ft-C) 

Calais  62100  France 

Flashpoint  ("C,  minimum) 

52 

Neutralization  number 

110-126 

Ash  content 

O.IO 

maximum) 

Pour  point 

-18 

rC,  maximum) 

Categor;,-  2 

/PC  4410 

Relative  effective  cone 

6 

AFWAL/POSF  Ltr. 

ChemLink,  Incorporated 

(g/m) 

15  Aug  83 

16950  Wallisville  Rd 

Minimum  effective  cone 

9 

Houston  TX  77049 

Ig/m) 

Maximum  allowable  cone 

22.5 

(g/m) 

Density  at  15‘C  tkg/L) 

0.94-0.96 

Viscosity  (centistokes 

220-270 

at  .37.8'C) 

Flashpoint  (*C,  minimum) 

60 

Neutralization  number 

130-155 

Ash  content 

0.10 

C^o.  maximum) 

Pour  point 

-18 

(*C,  maximum) 

Note;  This  page  scanned  into  report.  Error  in  concentration  unit:  g/m=g/m^ 
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Test  nr 

Government 

Manufacturer 

Qualification 

Manufacturer's 

Designation 

Designation 

Reference 

Same  And  Address 

IPC  4445 

Relative  effective  cone 

6 

AFWAL/POSF  Ltr, 

(g/m) 

1  Dec  82 

Minimum  effective  cone 

9 

(g/ml 

Maximum  allowable  cone 

22.5 

ig/m) 

Density  at  I5'C  (kg/LI 

0.91-0.93 

Viscosity  (centistukes 

10-40 

at  :I7.8-C) 

Flashpoint  (*C,  minimum) 

60 

Neutralization  number 

80-100 

Ash  content 

0.10 

{%,  maximum) 

Pour  point 

-18 

CC,  maximum) 

MOBILAD  rSQO 

Relative  effective  cone 

6 

AFWAL/POSF  Ltr. 

Mobil  Chemical  Company 

(g/n>) 

15  Aug  83 

Chemical  Products  Div 

Minimum  effective  cone 

9 

PO  Box  2.50 

(g/m) 

Edison  NJ  08818 

Maximum  allowable  cone 

22.5 

(g/m) 

Density  at  15'C  (kg/L) 

0.84-0.88 

Viscosity  (centistokes 

23-35 

at  37.8’C) 

Flashpoint  CC,  minimum) 

38 

Neutralization  number 

80-100 

Ash  content 

O.IO 

(“7,  maximum) 

Pour  point 

-43 

(*C.  maximum) 

Note:  This  page  scanned  into  report.  Error  in  concenlrauon  unit:  g/m=g/m  ' 
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Government 

De$ignation 


Manufacturer 'x 
Designation 


Test  or 
Qualification 
Reference 


Manufacturer's 
Name  Arid  Address 


NaLCO  5405 


RefMtive  effective  cone 

6 

AFWAL/POSF  Ltr, 

Nako  Chemical  Company 

(g/m) 

15  Aug  83 

7701  Highway  90A 

Minimum  effective  cone 

9 

Sugar  Land  TX  77478 

(g/m) 

Maximum  allowable  cone 

22.5 

(g/m) 

Denaity  at  15*C  (kg/L) 

0.91-0.95 

Viacoaity  (centistokes 

40-70 

at  37.8*0 

Flashpoint  ('C,  minimum) 

60 

Neutralization  number 

115-145 

Ash  content 

0.10 

(%,  maximum) 

Pour  point 

-29 

(‘C,  maximum) 

NUCHEM  PCl-lOS 

Relative  effective  cone 

12 

AFWAL/POSF  Ltr. 

NuChem  Corp 

(g/m) 

12  Sep  36 

Maple  Lane 

Minimum  effective  cone 

13 

PO  Box  U 

(g/m) 

Blaintown  NJ  07825 

Maximum  allowable  cone 

18 

(g/m) 

Denaity  at  1S*C  (kg/L) 

0.89-0.93 

Viacoaity  (centistokes 

100-150 

at  37.8*0 

Flashpoint  (*C,  minimum) 

60 

Neutralization  number 

95-120 

Ash  content 

0.10 

(%.  maximum) 

Pour  point 

-18 

(‘C,  maximum) 


Note:  Thi.s  page  scanned  into  report.  Error  in  concentration  unit:  g/m=g/m^ 
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Couernment 

Designation 

Manufacturer's 

Designation 

lest  or 
Qualififntion 
Reference 

TOLAD  249 

Relative  effective  cone 

6 

AFWAL/POSF  Ltr, 

(g/m) 

15  Aug  83 

Minimum  effective  cone 

9 

(g/m) 

Maximum  allowable  cone 

•22.5 

(g/m) 

Density  at  15‘C  (kg/L) 

0.89-0.93 

Viscosity  (centistokes 

7-25 

91  37  6*0 

Flashpoint  CC.  minimum) 

32 

•Neutralization  number 

85-120 

Ash  content 

0.10 

maximum! 

Pour  point 

■29 

CC,  maximum) 

WELCHEM  91120 

Relative  effective  cone 

6 

(g/m) 

Minimum  effective  cone 

9 

(g/m) 

Maximum  allowable  cone 

22.5 

(g/m) 

Density  at  15'C  (kg/L) 

0.93-0.96 

\’i.scosity  (centistokes 

50-70 

at  37  flT) 

Flashpoint  ('C.  minimum) 

65 

Neutralization  number 

90-110 

Ash  content 

0.10 

(%.  maximum) 

Pour  point 

0"C 

("C.  maximum) 

Ni)tc:  This  page  scanned  inU)  report.  Error  in  eoneenirauon 


Manufocturer'i 
Same  And  Address 


Petrolite  Corporation 
Industrial  chemicals  Croup 
369  Marshall  Ave 
St  Louis  MO  63119 


Welchem,  Inc. 

11200  Bay  Area  Blvd 
Houston  TX  77507 


unit:  g/m=g/m'^ 


APPENDIX  C 
LUBRICITY  TEST  DATA 
LIST  OF  TABLES 


Table  Title 

C- 1  EtTeci  of  Corrosion  Inhibitors  in  Isopar  M 

C-2  Effect  of  Corrosion  Inhibitors  in  Clay  Treated  JP-4 

C-3  Effect  of  Corrosion  Inhibitors  in  Clay  Treated  JP-8 

C  -^  Effect  o(  Corrosion  Inhibitors  in  Clay  Treated  JP-5 
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Table  C-1.  Effect  of  Corrosion  InhtbiUirs  in  ISCPAR  M 
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Fissure  D-28.  Effect  ofTOLAD  249  in  Clay  Treated  JP-4 
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Figure  D-43.  Effect  ofNALCO  5405  in  Clay  Treated  JP-8 
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Figure  D-44.  Effect  ofTOLAD  249  in  Clay  Treated  JP-8 
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Figure  D-46.  Effect  of  I  PR-4445  in  Clav  Treated  JP-8 
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Re'etive  Efiectiwe  7  ppm  (6  y/i.  ^ 
Mnmum  Eflective  -  11  ppm  (9  g/m^ 
Maximum  Ailowabto  ■  28  ppm  (22.5  g/m^ 


FOA  ^isi 


Pef  QPL-25017-15 


Concentration  -  g/m' 


Concaniiatnn  Requranwiis  Pw  QPL-250l7-t5 

Reiabve  Effective  -  7  ppm  (6  g/m^ 
Mrimtim  Effective  -  11  ppm  (9  g/m^ 
Maximum  Allowable  -  28  ppni  (22  5  g/m^ 
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Figure  D-53.  Effect  ofLUBRlZOL  541  in  Clay  Treated  JP-5 
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Figure  D-54.  Effect  ofNALCO  5403  in  Clay  Treated  JP-5 
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Figure  D-6I .  Effect  of  P-3305  in  Clay  Treated  JP 
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APPENDIX  E 


INHIBITOR,  CORROSION/LUBRICITY  IMPROVER,  FUEL  SOLUBLE  (METRIC) 

This  specification  is  approved  for  use  by  all  Departments  and  Agencies  of  the  Department  of  Defense. 
1.  SCOPE 


1.1  Scope.  This  specification  covers  one  type  of  fuel  soluble  corrosion  inhibitorAubricity  improver 
additive  for  use  in  aviation  turbine  fuel,  motor  gasoline,  diesel  fuel,  and  related  petroleum  products. 

2.  APPLICABLE  DOCUMENTS 


2.1  Issues  Of  Documents.  The  following  documents  of  the  issue  in  effect  on  date  of  invitation  for  bids  or 
request  for  proposal,  form  a  part  of  this  specification  to  the  extent  specified  herein. 


SPECIFICATIONS 

Federal 

TT-S-735 

W-F-0800 

W-G-1690 


Standard  Test  Fluids;  Hydrocarbon 
Fuel  Oil,  Diesel 

Gasoline,  Automotive,  Leaded  or  Unleaded 


Military 

MIL-G-3056 

MIL-T-5624 

MlL-C-7024 

MrL-L-7808 

MlL-F-25558 

MIL-I-27686 

MIL-G-46015 

MIL-F-46162 

MIL-T-83133 


Gasoline,  Automotive,  Combat 

Turbine,  Fuel,  Aviation  Grades  JP-  4  and  JP-5 

Calibrating  Fluid,  Aircraft  Fuel  System  Components 

Lubricating  Oil,  Aircraft  Turbine  Engine,  SYNTHETIC  Base 

Fuel,  Ramjet  Engine,  Grade  IW-1 

Inhibitor,  Icing,  Fuel  System 

Gasoline,  Automotive,  Combat,  Referee  Grade 

Fuel,  Diesel,  Referee  Grade 

Turbine  Fuel,  Aviation,  Kerosene  Type,  Grade  JP-8 


STANDARDS 

Federal 

FED-STD-791  Lubricants,  Liquid  Fuels,  and  Related  Products;  Methods  of  Testing 
Military 

MIL-STD-290  Packaging  of  Petroleum  and  Related  PnxlucLs 

(Copies  of  specifications,  standards,  drawings,  and  publications  required  by  contractors  in  connection 
with  specific  procurement  functions  should  be  obtained  from  the  procuring  activity  or  as  directed  by  the 
contracting  officer.) 


2.2  Other  publications.  The  following  documents  from  a  part  of  this  specification  to  the  extent  specified 
herein.  Unless  otherwise  indicated,  the  issue  in  effect  on  date  of  invitation  for  bids  or  request  for  proposal 


shall  apply. 

American  Society  for  Testing  and  Materials 

ASTM  A  108  Cold-Finished  Carbon  Steel  Bars  and  Shafting 

ASTM  D  56  Test  for  Flash  Point  by  Tag  Closed  Tester 

ASTM  D  97  Test  for  Pour  Point  of  Petroleum  Oils 

ASTM  D  270  Sampling  Petroleum  and  Petroleum  Products 

ASTM  D  445  Test  for  Kinematic  Viscosity  of  Transparent  and  Opaque 

Liquidsfand  the  Calculation  of  Dynamic  Viscosity) 

ASTM  D  482  Test  for  Ash  from  Petroleum  Products 

ASTM  D  664  Test  for  Neutralization  Number  by  Potentiometric  Titration 

ASTM  D  665  Test  for  Rust-Preventing  Characteristics  of  Steam-Turbine  Oil 

in  the  Presence  of  Water 

ASTM  D  1298  Test  for  Density,  Specific  Gravity,  or  API  Gravity  of  Crude 

Petroleum  and  Liquid  Petroleum  Products,  by  Hydrometer  Method 

ASTM  D  2274  Test  for  Stability  of  Distillate  Fuel  Oil  (Accelerated  Method) 

ASTM  D  2550  Test  for  Water  Separation  Characteristics  of  Aviation  Turbine  Fuels 

ASTM  D  2624  Test  for  Electrical  Conductivity  of  Aviation  Turbine  Fuels 

Containing  a  Static  Dissipator  Additive 

ASTM  D  3 1 14  Test  for  D-C  Electrical  Conductivity  of  Hydrocarbon  Fuels 

(Application  for  copies  should  be  addressed  to  the  American  Society  for  Testing  and  Materials,  1916 
Race  Street,  Philadelphia,  PA  19013.) 

Manufacturing  Chemist’s  Association.  Incorporated 

Manual  L-1  Warning  Labels -A  Guide  for  the  Preparation  of  Warning  Labels  for  Hazardous  Chemicals 

(Application  for  copies  should  be  addressed  to  the  Manufacturing  Chemists’  Association,  Incorporated, 
1835  Connecticut  Avenue,  N.W.,  Washington,  DC  20(X)9.) 

3.  REQUIREMENTS 

3.1  Qualification,  The  inhibitors  furnished  under  this  specification  are  for  use  in  aviation  turbine  fuels, 
motor  gasoline,  diesel  fuel,  and  related  petroleum  products.  The  inhibitor  shall  be  a  product  that  has 
passed  the  applicable  qualification  tests  listed  below  and  has  been  listed  on  or  approved  for  listing  on  the 
applicable  qualified  products  list.  Tentative  approval  for  listing  on  the  qualified  products  list  shall  be 
granted  pending  successful  completion  of  the  storage  stability  tests.  Failure  to  pass  the  storage  stability 
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requirement  of  3.12  shall  be  cause  for  withdrawal  of  approval. 

3.1.1  Qualirication  Requirements  The  qualification  requirements  for  the  inhibitors  are  listed  for  each 
type  of  fuel.  All  approved  inhibitors  shall  meet  the  requirements  of  3.2  through  3.12,  3.16,  and  3.17  to  be 
qualified  for  use  in  fuels  conforming  to  MIL-T-5624,  MIL-C-7024,  MIL-F-25568,  and  MlL-T-83133.  To 
qualify  for  use  in  motor  gasolines  (MIL-G-3056  and  VV-G-1690)  and  diesel  fuel  (VV-F-800),  the 
inhibitors  shall  also  pass  the  applicable  requirements  of  3.13  through  3.15. 

3.2  Materials.  The  composition  of  the  finished  inhibitor  is  not  limited  but  is  subject  to  review  by  the 
qualifying  activity  in  order  to  assure  service  compatibility  with  previously  qualified  products. 

3.2.1  Toxic  products  and  formulations.  The  material  shall  have  no  adverse  effect  on  the  health  of 
personnel  when  used  for  its  intended  purpose.  Questions  pertinent  to  this  effect  shall  be  referred  by  the 
procuring  activity  to  the  appropriate  departmental  medical  service  who  will  act  as  an  advisor  to  the 
procuring  activity. 

3.3  Solubility.  The  maximum  allowable  concentration  of  inhibitor,  as  defined  in  3.7,  shall  be  readily  and 
completely  dissolved  in  all  fuels  for  which  it  is  qualified.  There  shall  be  no  precipitation,  cloudiness  or 
other  evidence  of  insolubility  when  tested  as  specified  in  4.6.1. 

3.4  Compatibility.  The  inhibitor  shall  be  compatible  with  all  inhibitors  currently  qualified  under  this 
specification  and  with  the  static  dissipator  additives  listed  in  MIL-T-5624.  There  shall  be  no 
precipitation,  cloudiness,  other  evidence  of  noncompatibility  when  tested  as  specified  in  4.6.2. 

3.5  Relative  effective  concentration.  The  relative  effective  concentration  shall  be  determined  in 
accordance  with  4.6.3  and  shall  be  expressed  in  grams  of  finished  inhibitor  per  cubic  meter  of  fuel.  The 

relative  effective  concentration  shall  not  be  less  than  6  grams  of  inhibitor  per  cubic  meter  of  fuel  (g/m^) 
and  shall  be  approved  at  concentrations  divisible  by  3  (e.g.,  6, 9,12,15, ...  33,  and  36  g/m^). 

3.6  Minimum  effective  concentration.  The  minimum  effective  concentration  shall  be  1.5  limes  the 
relative  effective  concentration.  This  amount  shall  be  not  less  than  9  grams  of  inhibitor  per  cubic  meter 
of  fuel. 

3.7  Maximum  allowable  concentration.  The  maximum  allowable  concentration  shall  be  the  lowest  of 
the  following  (all  expressed  in  grams  of  inhibitor  per  cubic  meter  of  fuel): 

a.  Fifty -four  grams  of  inhibitor  per  cubic  meter  of  fuel 

b.  Four  limes  the  relative  effective  concentration 

c.  The  highest  concentration  giving  a  Water  Separometer  Index  Modified  value  of  70  or  higher 
when  determined  in  accordance  with  4.6.4 

d.  The  highest  concentration  giving  less  than  a  40%  change  in  electrical  conductivity  with  fuel 
containing  static  dissipator  additive  (see  4.6.2.2). 

The  maximum  allowable  concentration  shall  be  equal  to  or  greater  than  the  minimum  effective 
concentration  and  shall  be  a  value  evenly  divi.siblc  by  4.5  within  the  range  of  9  to  54  g/m^. 

3.3  Ash  content.  The  ash  content  of  the  inhibitor  .shall  not  exceed  0.10  percent  when  determined  in 
accordance  with  4.6.5. 

3.9  Pour  point.  The  maximum  allowable  pour  point  of  the  finished  inhibitor  shall  be  -18°C  when 
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determined  as  specified  in  4.6.6. 

3.10  Aircraft  turbine  engine  operation.  Grade  JP-4  fuel  (MIL-T-5624)  containing  twice  the  maximum 
allowabie  concentration  (sec  3.7)  of  the  inhibitor  shall  be  tested  in  accordance  with  4.6.7  to  determine  its 
acceptability  for  turbine  engine  use.  Engine  operation  shall  not  be  adversely  affected  and  the  post-test 
condition  of  the  engine  shall  indicate  no  excessive  deposits,  wear,  corrosion,  et  cetera,  which  are 
attributed  to  the  inhibitor. 

3.11  Specification  requirements.  A  blend  of  the  inhibitor  at  its  maximum  allowable  concentration  in  a 
representative  fuel  shall  meet  all  of  the  requirements  of  each  applicable  specification  when  tested  in 
accordance  with  4.6.8.  For  example,  to  be  qualified  for  use  in  a  motor  gasoline,  a  gasoline  conforming  to 
MIL-G-3056  shall  continue  to  meet  all  applicable  requirements  of  MIL-G-3056  after  the  maximum 
allowable  concentration  of  the  inhibitor  is  added. 

3.12  Storage  Stability.  After  storage  for  12  months  in  accordance  with  4.6.9,  the  inhibitor  shall  show  no 
precipitation,  layering,  or  other  evidence  of  gross  separation  or  degradation.  Inhibitor  representing  the  top 
half  of  the  stored  sample  shall  meet  all  requirements  of  this  specification  except  3.10. 

3.13  Induction  System  deposit  For  use  in  motor  gasolines  conforming  to  V-G-1690  and  MIL-G-3506, 
the  inhibitor  shall  pass  the  induction  system  deposit  test  performed  in  accordance  with  4.6.10. 

3.14  Emulsification  tendency.  To  obtain  approval  for  use  in  motor  gasolines  conforming  to  W-G-1690 
and  MIL-G-3056  and  diesel  fuel  conforming  to  V  /-F-800,  the  inhibitor  shall  pass  the 
emulsification8tendency  test  performed  in  accordance  with  4.6.1 1. 

3.15  Accelerated  stability,  lo  obtain  approval  for  use  in  diesel  fuels  conforming  to  W-F-800  the 
inhibitor  shall  pass  the  accelerated  stability  test  performed  in  accordance  with  4.6.12. 

3.16  Identification  qualification  data.  The  following  properties  of  the  finished  inhibitor  shall  be 

determined  but  not  limited  during  qualification:  density  15°C,  viscosity  at  37.8®C,  flash  point, 
neutralization  number,  pH,  and  type  of  metallic  constituent,  if  present  (see  4.6.13).  The  permissible 
production  variation  of  individual  properties  will  be  established  at  the  ti’"  i  of  qualification  by  mutual 
agreement  between  the  manufacturer  and  the  qualifying  activity.  I  <idua!  batches  of  inhibitor 
subsequently  subjected  to  qualification  conformance  inspections  shall  confoim  to  the  established  range  of 
properties.  The  ranges  shall  not  adversely  affect  any  of  the  inhibitor  performance  characteristics  such  as 
relative  effective  concentration  and  Water  Separometer  Index  Modified. 

3.17  Workmanship.  The  finished  product  in  bulk  or  container  shall  be  uniform  in  appearance  and 
visually  free  from  grit,  undissolved  water,  insoluble  components,  or  other  adulteration.  The  material  shall 
have  no  adverse  effect  on  the  health  of  personnel  when  used  for  its  intended  purpose.  Evidence  to  this 
effect  shall  be  subject  to  review  by  deparunental  medical  authority  (See  6.3). 

4.  QUALITY  ASSURANCE  PROVISIONS 

4.1  Responsibility  for  inspection.  Unless  otherwise  specified  in  the  contract,  the  contractor  is 
responsible  for  the  performance  of  all  inspection  requirements  as  specified  herein.  Except  as  otherwise 
specified  in  the  contract,  the  contractor  may  use  his  own  oi  any  other  facilities  suitable  for  the 
performance  of  the  inspection  requirements  specified  herein,  unless  disapproved  by  the  Government.  The 
Government  re.scrves  the  nght  to  perform  any  of  the  inspections  set  forth  in  the  specification  where  such 
inspections  arc  deemed  necessary  to  assure  that  supplies  and  services  conform  to  prescribed 
requirements. 

4.2  Classification  of  inspections.  The  inspection  and  testing  of  the  fuel  soluble  inhibitor  shall  be 
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classified  as  follows: 


a.  Qualification  inspection  (see  4.3) 

b.  Quality  conformance  inspection  (see  4.4). 

4.3  Qualification  inspection.  Qualification  inspection  and  testing  shall  consist  of  tests  sp>ecified  under 
4.6. 

4.3.1  Test  report.  A  certified  test  report  shall  be  forwarded  to  the  activity  responsible  for  qualification 
before  the  qualification  sample  is  supplied.  The  test  report  shall  contain  laboratory  data  showing  the 
results  required  by  3.3,  3.4,  3.5,  3.7,  3.8,  3.9,  3.11,  3.12,  and  3.16.  The  test  report  shall  also  contain 
laboratory  data  on  any  of  the  special  tests  conducted  to  qualify  the  inhibitor  for  use  in  motor  gasoline  and 
diesel  fuel  (e.g.,  3.13,  3.14,  and  3.15).  In  addition,  complete  formulation  data  shall  be  supplied  to  the 
qualifying  activity.  This  data  shall  include  chemical  composition  (I.U.P.A.C.  nomenclature  and  structural 
diagrams  of  each  ingredient),  the  percentages  of  each  ingredient,  the  manufacturer  and  trade  names  of 
each  ingredient,  and  where  available,  the  purity  of  each  ingredient.  The  contractor  shall  furnish 
toxicological  data  and  formulations  required  to  evaluate  the  safety  of  the  material  for  the  proposed  use. 

4.3.1. 1  Qualification  sampling.  Unless  otherwise  specified  by  the  activity  responsible  for  qualification, 
an  initial  1  -liter  sample  of  finished  inhibitor  shall  be  submitted  for  evaluation  by  all  of  the  tests  with  the 
exception  of  the  storage  stability  and  aircraft  turbine  engine  tests.  If  the  product  passes  these  tests,  an 
additional  sample  of  finished  inhibitor  will  be  requested  for  the  storage  stability  and  aircraft  turbine 
engine  tests.  Samples  shall  be  identified  as  required  and  forwarded  to  the  laboratory  responsible  for 
testing  as  designated  in  the  letter  of  authorization  from  the  activity  responsible  for  qualification  (see  6.5). 

4.3.1.2  Requalification.  Requalification  will  be  required  in  the  event  any  change  in  composition  or 
formulation,  source  of  the  inhibitor  or  its  ingredients,  or  manufacturing  sites  is  made. 

4.3.1.3  Retention  of  qualification.  The  retention  of  qualification  of  products  approved  for  listing  on  the 
qualified  products  list  (QPL)  shall  be  accomplished  by  a  periodic  verification  to  determine  continued 
compliance  of  a  supplier's  product  with  the  requirements  of  this  specification.  The  verification  intervals 
shall  not  exceed  two  years.  Unless  otherwise  specified  by  the  activity  responsible  for  the  qualified 
products  list,  verification  of  qualification  may  be  made  by  certification. 

4.4  Quality  conformance  inspection.  Quality  conformance  inspection  of  a  bulk  lot  of  inhibitor  shall 
consist  of  tests  for  conformance  to  requirements  for  solubility  (3.3),  ash  (3.8),  pour  point  (3.9),  and 
property  limits  shown  on  the  Qualified  Products  List.  In  addition,  the  product  shall  be  required  to  pass  a 
rusting  test  when  blended  in  depolarized  iso-octane  at  the  relative  effective  concentration  and  tested  in 
accordance  with  4.6.3. 1,  and  shall  also  be  required  to  give  a  Water  Separometer  Index  Modified  of  70  or 
higher  (average  of  three  tests)  when  tested  at  the  maximum  allowable  concentration  in  accordance  with 
4.6.4. 

4.4.1  Inspection  lot 

4.4.1. 1  Bulk  lot.  A  bulk  lot  is  defined  as  an  indefinite  quantity  of  a  homogeneous  mixture  of  material 
offered  for  acceptance  in  a  single  isolated  container,  manufactured  as  a  single  isolated  batch,  or 
manufactured  by  a  single  plant  run  (not  exceeding  24  hours)  through  the  same  processing  equipment  with 
no  change  in  ingredient  material. 

4.4.1.2  Packaged  lot.  A  packaged  lot  is  defined  as  an  indefinite  number  of  55-gallon  drums  or  smaller 
unit  packages  of  identical  size  and  type,  offered  for  acceptance,  and  filled  with  a  homogeneous  mixture 
of  material  from  a  bulk  lot. 
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4.4.2  Sampling.  Each  bulk  or  package  lot  of  material  shall  be  sampled  for  verification  of  product  quality 
and  compliance  in  accordance  with  ASTM  D  270. 

4.5  Inspection.  Inspection  shall  be  in  accordance  with  Method  9601  of  FED-STD-791. 

4.6  Test  methods 

4.6.1  Other  inhibitors.  The  maximum  allowable  concentration  of  inhibitor  shall  be  mixed  with  each  of 
the  following  fuels.  The  fuel  shall  contain  no  other  inhibitors.  Immediately  after  mixing  and  at  the  end  of 
24  hours,  the  samples  shall  be  visually  inspected  for  precipitation,  cloudiness,  or  other  evidence  of 
insolubility. 

a.  JP-4  fuel  conforming  to  MIL-T-5624  containing  the  maximum  allowable  concentration  of  inhibitor 
conforming  to  MIL-I-27686 

b.  A  motor  gasoline  conforming  to  MIL-G-3056,  MlL-G-46015,  or  VV-G-1690 

c.  A  dic.sel  fuel  conforming  to  VV-F-800  or  MIL-F-46162. 

4.6.2  Compatibility 

4.6.2.1  Inhibitors.  Grade  JP-4  fuel  (MIL-T-5624)  containing  the  maximum  allowable  concentration  of 
the  inhibitor  under  test  and  no  other  inhibitors  shall  be  mixed  in  equal  proportions  with  samples  of 
MlL-T-5624,  grade  JP-4  fuel  containing  the  maximum  allowable  amount  of  each  inhibitor  previously 
qualified  under  this  specification.  The  MILT-5624,  grade  JP-4  fuel  used  shall  contain  the  maximum 
allowable  amount  of  inhibitor  conforming  to  MlL-I-27686.  At  the  end  of  a  24-hour  period,  the  samples 
shall  be  visually  inspected  for  precipitation,  cloudiness  or  other  evidence  of  noncompatibility. 

4.6.2.2  Static  dissipator  additive.  Grade  JP-4  fuel  (MlL-T-5624),  filtered  through  clay  as  described  in 
appendix  A,4  of  ASTM  D2550,  shall  be  blended  with  each  static  dissipator  additive  approved  in 
MIL-T-5624  to  provide  test  fuels  having  a  conductivity  of  400  picosiemens  per  meter  (pS/m)  +100  pS/m. 
After  a  24-hour  period,  to  insure  that  equilibrium  fuel  conductivity  has  been  established  the  inhibitor 
under  test  shall  be  added  and  mixed.  At  the  end  of  another  24-hour  period,  no  more  than  -i40  percent 
change  in  the  electrical  conductivity  of  the  fuel  shall  have  occurred  as  a  result  of  the  lest  inhibitor.  The 
fuel  electrical  conductivity  shall  be  measured  using  either  ASTM  D  2624  or  ASTM  D  31 14  lest  methods. 
The  post-test  visual  inspection  of  the  sample  shall  reveal  no  precipitation,  cloudiness  or  other  evidence  of 
noncompalibility.  (NOTE:  Some  loss  in  fuel  conductivity  with  time  may  occur  when  bare  glass  bottles  or 
bare  metal  cans  arc  used  with  fuels  containing  static  dissipator  additives.  The  use  of  an  epoxy-coated 
container  is  suggested.  Also,  fuel  conductivity  is  temperature  sensitive;  no  significant  change  in 
temperature  should  be  allowed  during  the  tc.st.) 

4.6.3  Relative  effective  concentration.  The  relative  effective  concentration  of  the  inhibitor  shall  be 
determined  by  testing  the  inhibitor  at  various  concentrations  in  depolarized  iso-octane  in  accordance  with 
4.6.3. 1.  The  inhibitor  shall  be  tested  at  concentrations  divisible  by  3  (e.g.,  6,  9,  12,  15,  ...  33,  and  36 
grams  inhibitor  per  cubic  meter  of  fuel).  No  intermediate  concentrations  shall  be  tested.  The  relative 
effective  concentration  shall  be  defined  as  the  lowest  concentration  giving  a  passing  result  in  accordance 
with  4. 6. 3. 1.6. 

4.6.3. 1  Rusting  test  method 

4.6J.1.1  Test  apparatus.  The  test  apparatus  shall  conform  to  the  following  requirements: 
a.  Oil  bath,  conforming  to  ASTM  D  665,  with  the  additional  requirement  that  it  must  be 


capable  of  maintaining  the  test  sample  at  a  temperature  of  38°C  +  0.5°C 

b.  Beaker,  beaker  cover,  stirrer,  stirring  apparatus,  and  chuck  and  motors  for  holding 
and  rotating  specimens  while  polishing  shall  conform  to  ASTM  D  665 

c.  Infrared  heat  lamp,  250  watts 

d.  Hypodermic  syringe,  glass,  30-ml,  with  6'inch  stainless  steel  needles 

e.  Disposable  microliler  pipets,  consisting  of  calibrated  capillary  tubes  containing 
1,  2,  3, 4,  5,  10,  15,  and  20  microliters 

f.  Column,  chromatographic,  glass,  40  mm  ID  x  600  mm  with  poly  (tetrafluoroethylene) 
stopcock.  A  separatory  funnel,  Squibb,  1 -liter,  with  poly  tetrafluoroethylene)  stopcock  may 
be  substituted  for  the  chromatographic  column 

g  .  Specimen  holder,  poly  (tetrafluoroethylene),  dimensions  as  specified  in  ASTM  D  665  for 
type  2  holder 

h.  Specimen,  dimensions  as  specified  in  ASTM  D  665,  made  of  grade  1018  steel  in 

accordance  with  ASTM  A  108.  The  specimen  shall  be  fabricated  from  0.625  inch  diameter 
round  stock  by  machining  or  grinding  to  the  final  diameter  of  0.50  inch.  The  specimen  may 
be  reused  from  test  to  test  but  shall  be  discarded  when  the  diameter  is  reduced  to  0.375 
inch. 

4.6.3.U  Test  materials.  Test  materials  shall  conform  to  the  following  requirements: 

a.  Silica  gel,  28-200  mesh,  heated  to  225°F  for  2  hours  and  cooled  in  a  desiccator  before  use. 

b.  Test  solvent,  iso-octane  conforming  to  TT'S-735,  which  has  been  freshly  depolarized  as 
follows:  A  glass  chromatographic  column  or  1  liter  separatory  (Squibb)  funnel  is  filled  with 
silica  gel  to  a  height  20  cm  above  the  stopcock,  retaining  the  silica  gel  by  means  of  a  glass 
wool  plug.  (NOTE:  Do  not  use  stopcock  grease).  One  gallon  of  iso-octane  is  passed  through 
the  silica-gel  bed  by  gravity,  discarding  the  first  50  ml  and  collecting  the  remainder  in  a 
chemically  clean  glass  container.  The  depolarized  iso-octane  should  be  used  within  1  week 
after  t'cntr*"  : 

c.  Test  water,  type  B  medium  hard,  prepared  as  follows:  Make  up  three  slock  solutions  using 
ACS  reagent-grade  chemicals  in  distilled  water.  Each  solution  shall  contain  one  of  these 
chemicals  16.4  g/liter  NaHC03,  13.2  g/liter  CaCl2-  2H20,  or  8.2  g/liter  MgS04  7H2O.  Pipet 
10  ml  of  the  NaHC03  stock  solution  into  800  ml  of  distilled  water  in  a  1 -liter  volumetric 

flask,  and  shake  vigorously.  While  swirling  the  contents  of  the  flask,  pipet  10  ml  of  the 
CaCi^  stock  .solution  and  then  10  mi  of  the  MgSOq  stock  solution  into  the  flask,  add  distilled 

watei  Lo  bring  the  volume  to  1  liter,  and  mix  thoroughly.  The  final  blend  shall  be  clear  and 
free  of  precipitation. 

d.  Isopropanol,  ACS  reagent  grade. 

c  .  Glassware  cleaning  solution. 

f.  Lintle.ss  paper  tissue  (NOTE:  Cel-Fibc  1710  Wipes,  available  from  CellFibe,  Milltown,  New 
Jersey,  are  satisfactory). 
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g.  Abrasive  cloth,  150-,  240-,  and  400-grii  metal  working  aluminum  oxide  abrasive  cloth,  closed 
coat  on  jeans  backing.  The  abrasive  cloth  is  available  in  rolls  of  1-inch  tape,  the  most 
convenient  form  for  use  in  this  test. 

h.  Disposable  vinyl  gloves. 

4.6.3.1.3  Specimen  preparation.  The  specimen,  whether  new  or  .used  from  a  previous  test,  shall  be 
cleaned  by  solvent  rinsing  or  brushing  as  needed  to  remove  oily  residues,  loose  rust,  or  foreign  material. 
After  this  preliminary  cleaning,  the  specimen  shall  be  handled  only  with  vinyl  gloves.  (NOTE:  It  is 
essential  to  avoid  contamination  of  the  specimen,  particularly  by  perspiration  residues,  and  care  should 
be  taken  to  avoid  transfer  of  such  contaminants  to  the  specimen  via  the  abrasive  cloth  or  the  lintless  paper 
tissues.)  The  specimen  shall  then  be  ground  successively  with  150-,  240-,  and  400-grit  abrasive  cloth 
while  mounted  in  the  chuck  of  the  grinding  and  polishing  apparatus  and  turned  at  1700  to  1800  rpm,  in 
accordance  with  the  following  procedures: 

a.  Grind  with  150  grit  cloth  to  remove  all  defects,  irregularities,  pits,  and  scratches  as 
determined  by  visual  inspection.  Old  150-grit  cloth  may  be  used  to  remove  rust  or  major 
irregularitic.s,  but  the  grinding  shall  be  completed  with  new  cloth.  Stop  the  motor  and  scratch  the 
static  specimen  longitudinally  with  one  pass  of  new  150-grit  cloth,  using  light  pressure  so  that 
visible  scratches  appear. 

b.  Grind  with  240-grit  cloth,  removing  all  marks  from  the  150-grit  cloth,  and  finishing  with  new 
240-gnt  cloth.  Stop  motor  and  .scratch  the  static  specimen  longitudinally  with  one  pass  of  new 
240-grit  cloth,  using  light  pressure,  so  that  visible  scratches  appear. 

c.  Polish  with  400-grit  cloth  by  wrapping  a  strip  of  cloth  halfway  around  the  specimen  and 
applying  a  firm  but  gentle  downward  pull  to  the  ends  of  the  strip  and  moving  the  strip  slowly 
along  the  specimen.  Shift  the  position  of  the  abrasive  cloth  frequently  to  expose  fresh  abrasive  to 
the  specimen.  Continue  this  procedure,  using  new  strips  of  abrasive  cloth  as  required,  until  all 
marks  from  the  previous  240-grit  operation  have  been  removed  and  the  surface  presents  a 
uniform  appearance,  free  of  longitudinal  or  spiral  scratches,  with  all  polishing  marks  appearing 
to  be  circumferential.  The  final  passes  along  the  specimen  shall  be  made  with  fresh  abrasive 
cloth. 

d.  Remove  the  specimen  from  the  chuck,  wipe  the  liniless  tissue,  and  store  in  a  beaker  of 
dcpolarizxd  iso-octane  in  a  desiccator  containing  silica  gel  or  other  noncorrosive  desiccant  until 
ready  for  use.  The  storage  period  in  the  iso-octane  shall  not  exceed  7  days. 

4.6J.1.4  Preparation  of  test  blend.  The  test  blend  shall  be  prepared  in  the  test  beaker,  not  more  than  2 
hours  before  the  immersion  of  the  specimen  in  the  test  blend.  The  test  blend  shall  be  prepared  in 
accordance  with  the  following  procedure: 

a.  Clean  the  test  beaker  with  a  suitable  cleaning  solution  (see  note  below).  Clean  the  stainless 
steel  stirrer  and  methyl  methacrylate  beaker  cover  by  rinsing  in  any  suitable  aliphatic 
hydrocarbon  solvent  such  as  a  light  naphtha  or  i.so-octane,  washing  thoroughly  with  hot  distilled 

water,  and  oven  drying  (not  over  65.6®C  for  cover).  NOTE:  If  a  glass  stirrer  or  beaker  cover  is 
used,  it  should  be  cleaned  in  the  same  manner  as  the  test  beaker.  Any  suitable  cleaning  method 
that  provides  cleaning  quality  comparable  to  the  use  of  chromic  acid  may  be  used.  The  use  of  a 
detergent  cleaning  solution  is  suggested.  Use  stainless  steel  forceps  to  handle  the  glassware. 
Wash  with  tap  water  and  then  with  distilled  water.  Rinse  with  reagent  grade  isopropyl  alcohol 
and  dry  in  the  air  or  oven.  Detergent  cleaning  avoids  the  potential  hazards  and  inconvenience 
associated  with  handling  corrosive  chromic  acid  solutions.  The  lattei  remains  as  the  reference 
cleaning  practice  and  as  such  may  function  as  an  alternative  to  the  preferred  use  of  detergent 
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solutions. 


b.  Prepare  the  blend  of  iso-octane  and  inhibitor  in  the  test  beaker  with  direct  addition  of  the 
inhibitor.  No  intermediate  blends,  concentrates,  or  stock  solutions  are  permitted.  Prepare  each 
test  blend  using  between  300  and  400  ml  of  iso-octane  In.  the  test  beaker.  Use  pipet  or  pipets  to 
add  integral  numbers  of  microliters  of  the  inhibitor  to  the  beaker  to  increase  measurement 
accuracy.  Add  the  calculated  volume  of  depolarized  iso-octane  to  the  test  beaker.  Fill  the 
appropriate  microliter  pipet  or  pipets  with  inhibitor,  wipe  off  excess,  and  force  the  inhibitor  into 
the  iso-octane.  Allow  the  pipet  to  fill  with  iso-octane  by  capillary  attraction  and  force  this  rinse 
into  the  test  beaker.  Repeat  the  rinse  four  limes.  Calculate  the  amount  of  iso-octane  and  inhibitor 
to  be  added  to  the  test  beaker  using  the  instructions  given  in  4.6.3. 1. 4 .c, 

c.  Calculate  the  volume  of  iso-octane  required  for  each  concentration  desired  using  the  following 
equation,  where  density  is  in  g/ml  at  15°C: 


ml  of  iso-octane  =  (density  of  inhibitor!  fmicroliters  of  inhibitors!  (1000) 

(desired  inhibitor  concentration,grams/cubic  meter) 

For  example,  assume  the  inhibitor  has  a  density  of  0.95  and  the  desired  concentration  is  6  grams/cubic 
meter  of  fuel.  Calculate  the  volume  of  iso-octane  required  when  using  2  microliters  of  inhibitor 

ml  iso-octane  =  (0.95)  (2)  (1000)/(6)  =  316.7 

For  inhibitor  having  a  density  less  than  0.9  g/ml,  the  volume  of  iso-octane  for  many  concentrations  of 
interest  will  be  less  than  300  ml  or  more  than  400  ml.  Use  the  following  procedure: 

(1)  Calculate  the  volume  of  inhibitor  required  for  300  ml  of  iso<xtane. 

(2)  Increase  the  volume  of  inhibitor  to  the  next  integral  microliter  and  add  to  300  ml  of  iso-octane 
in  the  test  beaker.  Mix  well. 

(3)  Calculate  the  amount  of  inhibiior/iso-octane  blend  to  be  removed  from  the  test  beaker  to  leave 
the  desired  amount  of  inhibitor. 

(4)  Remove  the  calculated  amount  of  inhibitor/iso-octane  blend  and  replace  with  an  equivalent 
volume  of  depolarized  iso-octane.  Mix  well.  This  approach  is  iliusuated  for  the  above 
example; 

(a)  Using  this  equation,  calculate  the  desired  volume  of  inhibitor  for  3(X)  ml  of 
isooctane  for  an  inhibitor  with  a  density  of  0.85  and  for  a  desired  concentration 
of  6  g/m^. 

300  ml  iso-octane  =  (0.85)  (X  microliters  inhibitor)  (1000)/(6), 

X  =  2.12  microliters  of  inhibitor 

(b)  Add  the  next  integral  volume  of  inhibitor  (i.e.,  3  microliters)  to  3(X)  ml  iso-octane  and  mix 
well.  This  gives  an  inhibitor  concenuation  of  3  microliters  inhibitor/300  ml  iso-octane  or  1 
microlitcr/lOO  ml. 

(c)  The  desired  amount  of  inhibitor  is  2.12  microliters.  Thus,  we  need  (2.12)(100)  =  212  ml  of 
mhibitor/iso-octane  blend. 
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(d)  Remove  88  ml  of  the  inhibilor/iso-octane  blend  (i.e.,  300  -  212  =  88  ml).  Replace  with  88  ml 
of  depolarized  iso-octane.  Mix  well.  This  results  in  the  correct  volume  of  inhibitor  (i.e.,  2.12 
microliters)  in  300  ml  of  iso-octane. 

d.  Place  the  beaker  in  the  oil  bath  which  has  been  regulated  previously  to  maintain  a  sample 
temperature  of  38°C  +  0.5°C.  The  beaker  is  inserted  in  a  hole  of  the  bath  cover  and  suspended  at 
a  level  such  that  the  oil  level  in  the  bath  is  not  below  the  sample  level  in  the  beaker.  Cover  the 
beaker  with  the  beaker  cover  and  the  stirrer  in  position.  Adjust  the  stirrer  so  that  the  shaft  is  6 
mm  (0.24  inch)  off-center  in  the  beaker,  and  the  blade  is  within  2  mm  (0.08  inch)  of  the  bottom 
of  the  beaker.  Then  suspend  a  thermometer  through  the  hole  in  the  cover  intended  for  that 
purpose,  so  that  it  is  immersed  to  a  depth  of  57  mm  (2.2  inches).  Stir  for  at  least  5  minutes.  Turn 
off  the  stirrer.  Using  a  clean  pipet  or  syringe,  withdraw  enough  test  blend  to  leave  exactly  300 
ml  in  the  beaker.  Allow  the  test  blend  to  come  to  38-C  _0.5°C.  Replace  the  thermometer  with  a 
cork  or  plastic  plug. 

4.6J.1.5  Test  procedure.  After  preparing  a  test  specimen  as  described  in  4.6.3. 1.3  and  a  test  blend  as 

described  in  4. 6.3. 1.4,  the  test  shall  be  performed  in  accordance  with  the  following  procedure; 

a.  Remove  a  test  specimen  from  the  iso-octane  in  the  desiccator  and  wipe  dry  with  a  lintless 
paper  tissue,  handling  with  vinyl  gloves  throughout  this  step  and  the  following  operations. 
Repolish  with  400-grit  abrasive  cloth  by  wrapping  a  strip  of  the  cloth  halfway  around  the 
specimen  and  applying  a  firm  but  gentle  downward  pull  to  the  ends  of  the  strip.  Move  the  strip 
slowly  along  the  specimen,  twice  in  each  direction,  shifting  the  strip  after  the  first 
back-and-forth  pass  so  that  fresh  abrasive  is  exposed  to  the  specimen.  Inspect  the  specimen  to 
insure  that  the  surface  pre.sents  a  uniform  appearance,  free  of  longitudinal  or  spiral  scratches, 
with  all  polishing  marks  appearing  to  be  circumferential.  Additional  polishing  is  required  if  the 
specimen  appearance  is  other  than  described.  After  polishing  is  completed,  remove  the  specimen 
from  the  chuck,  wipe  lightly  with  lintless  paper  tissue,  and  screw  the  specimen  into  the  specimen 
holder.  Rinse  the  specimen  with  a  stream  of  isopropanol  from  a  wash  bottle.  Wipe  dry 
immediately,  wiping  twice  with  fresh  lintless  paper  tis.sues,  using  firm  pressure  and  rotating  the 
specimen  while  drawing  through  the  tissue.  NOTE:  Under  conditions  of  high  ambient  humidity, 
it  is  necessary  to  heat  the  specimen  to  prevent  condensation  of  moisture  and  premature  rusting. 
Under  such  conditions  before  the  rinsing  operation,  place  the  specimen  and  holder  6  inches  from 
a  250-watt  infrared  heat  lamp  and  rotate  for  1  minute.  Keep  the  specimen  under  the  lamp  while 
proceeding  with  the  rinsing  and  wiping  operations. 

b.  Immediately  after  rinsing  and  wiping,  insert  the  specimen  and  holder  through  the  specimen 
hole  in  the  beaker  cover  and  suspend  the  specimen  so  that  ib  lower  end  is  13  to  15  mm  (0.51  to 
0.59  inch)  from  the  bottom  of  the  beaker.  Leave  the  specimen  in  the  test  blend  for  a  10-minute 
static  soak,  then  turn  on  the  stirrer  and  soak  dynamically  for  20  minutes.  NOTE:  When  multiple 
tests  arc  run  simultaneously,  it  is  permissible  to  extend  the  static  soak  period  to  not  more  than  40 
minutes  in  the  case  of  the  "first-in”  specimen,  giving  the  "last-in”  specimen  a  10-minutc  soak. 

c.  Turn  off  the  stirrer.  Remove  the  cork  or  plug  from  the  beaker  cover,  and  add  30  ml  of  test 
water  to  the  test  beaker,  adding  it  very  carefully  to  the  bottom  of  the  beaker  by  means  of  a 
hypodermic  syringe.  Change  to  a  clean  needle  for  each  test  beaker.  Replace  the  cork  or  plug  in 
the  beaker  cover. 

d  Start  the  stirrer  immediately  and  run  for  5  hours,  holding  the  bath  temperature  at  the  same 
setting  so  that  the  test  samples  will  be  maintained  at  38‘’C  -1-0.5-C. 

e.  At  the  end  of  5  hours,  stop  the  stirrer,  remove  the  specimen  and  holder,  rinse  immediately 
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with  isopropanol,  and  allow  to  air-dry.  Examine  at  once  without  magnification  under  norma! 
indoor  illumination,  approximately  60-fooi  candles,  scanning  the  surface  very  carefully,  to 
detect  any  small  pits.  Record  observations  of  visible  rust,  pits,  stains,  or  deposits. 

4.6.3. 1.6  Interpretation  of  test  results.  A  test  shall  be  reported  as  failing  if  the  center 
48mm-(  1.875-inch)  section  of  the  specimen  shows  six  or  more  rust  spots  of  any  size,  or  if  it  shows  any 
rust  spot  1  mm  in  diameter  or  larger.  (NOTE:  The  ends  of  the  specimen,  outside  the  center  section,  are 
ignored  in  rating  the  specimen.)  Visible  deposits  or  stains  other  than  rust  shall  not  constitute  failure; 
deposits  or  stains  may  be  examined  microscopically  to  determine  their  classification.  In  order  to  assign  a 
pass-fail  rating  to  a  given  inhibitor  at  a  given  concentration,  two  tests  shall  be  performed.  The  inhibitor 
shall  be  repotted  as  passing  at  the  given  concentration  if  both  tests  give  passing  ratings,  or  failing  at  the 
given  concentration  if  both  tests  give  failure  ratings.  If  the  two  tests  give  one  passing  .rating  and  one 
failing  rating,  two  additional  tests  shall  be  performed.  If  either  or  both  of  these  additional  tests  give  a 
failing  rating,  the  inhibitor  shall  be  reported  as  failing  at  the  given  concentration.  If  both  of  the  additional 
tests  give  passing  ratings,  the  inhibitor  shall  be  reported  as  passing  at  the  given  concentration. 

4.6.4  Water  separometer  index  modified.  The  inhibitor  shall  be  blended  into  the  reference  fluid  base, 
as  described  in  ASTM  D  2550,  and  tested  in  accordance  with  ASTM  D  2550.  For  any  given 
concentration  of  inhibitor,  the  average  of  three  tests  results  shall  be  used  to  determine  the  conformance  to 
the  requirements  of  3.7  or  4.4.  In  qualification  testing  to  define  the  maximum  allowable  concentration, 
the  inhibitor  shall  be  tested  at  one  or  more  concentrations  selected  from  the  following.g:  9,13.5,  18,  22.5, 
27,  31.5,  36,  40.5, 45, 49.5,  or  54  grams  inhibitor  per  cubic  meter  of  fuel.  No  intermediate  concentrations 
shall  be  tested.  Only  the  ASTM  CRC  Water  Separometer  apparatus  shall  be  used  for  qualification  testing. 

4.6.5  Ash  content  determination.  The  ash  content  of  the  inhibitor  shall  be  determined  in  accordance 
witli  ASTM  D  482,  using  a  platinum  crucible. 

4.6.6  Pour  point  determination.  Pour  point  shall  be  determined  in  accordance  with  ASTM  D  97. 

4.6.7  Aircraft  engine  test.  The  engine  shall  be  operated  for  100  hours  in  accordance  with  the  engine 
operating  requirements  of  MIL-L-7808.  Grade  JP-4  fuel,  conforming  to  MIL-T-5624  shall  contain  twice 
the  maximum  allowable  concentration  of  the  inhibitor.  Upon  completion  of  the  test,  components  of  the 
engine  exposed  to  the  fuel  such  as  a  fuel  controls,  fuel  nozzles,  combustion  section,  turbine  blades, 
exhaust  section,  elastomers,  fuel/oil  heat  exchangers,  and  fuel  pumps  shall  be  examined  for  evidence  of 
excess  wear,  deposits,  corrosion  or  other  deleterious  effects.  This  test  shall  be  performed  by  the  activity 
re.sponsible  for  qualification  (see  6.5). 

4.6.8  Specirication  tests.  The  inhibitor  shall  be  added  at  its  maximum  concentration  to  a  base  fuel  that 
contains  no  inhibitor  but  is  otherwise  representative  of  each  grade  of  fuel  for  which  the  additive  is  to  be 
qualified.  The  blend  of  fuel  and  inhibitor  .shall  be  subjected  to  all  of  the  tests  of  each  applicable 
specification. 

4.6.9  Storage  stability  test  Two  1-quart  amber  glass  bottles  shall  each  be  filled  with  850  ml  of  the 
inhibitor  and  shall  be  tightly  capped  by  means  of  a  screw  cap  having  a  conical  polyethylene  liner.  Each 
bottle  shall  be  wrapped  in  a  minimum  amount  of  opaque  packing  material  sufficient  for  protection 
against  mechanical  damage,  but  minimal  in  thermal  insulation  qualities.  The  wrapped  bottles  shall  be 
enclosed  in  a  tight  wooden  or  metal  box  for  further  protection  again.st  breakage  and  sunlight.  The  crated 
samples  shall  be  stored  at  ambient,  outdoor  conditions  in  a  temperate  climate.  The  box  shall  be  kept  off 
the  ground  and  protected  from  direct  sunlight  and  precipitation  under  a  canopy,  open  roof  shed,  or  similar 
ventilated  shelter.  The  crated  samples  shall  be  stored  undisturbed  in  an  upright  position  for  the  specified 
period.  One  of  the  samples  shall  be  stored  for  exactly  12  months  and  then  removed  for  examination  and 
testing,  the  other  samples  shall  be  stored  for  12  months  or  less  and  may  be  removed  for  examination  and 
testing  at  any  time  at  the  option  of  the  qualifying  activity.  Whenever  a  sample  is  removed  for 


examination  and  testing,  it  shall  be  uncrated  with  minimum  disturbance;  the  bottle  shall  not  be  shaken, 
inverted,  or  otherwise  agitated.  The  contents  of  the  bottle  shall  be  inspected  visually  for  precipitation, 
separation  into  layers,  or  other  evidence  of  gross  separation.  The  presence  or  absence  and  the  natun  of 
such  separation  shall  be  recorded.  The  top  half  of  the  liquid  sample  shall  be  cai  “fully  removed  by  suction 
or  siphoning  into  another  bottle,  without  disturbing  the  bottom  half  of  the  original  sample.  The  top-half 
sample,  after  transfer  to  the  second  bottle,  shall  be  shaken  thoroughly  and  then  used  in  laboratory  testing, 
performed  in  accordance  with  3.12.  The  bottom-half  sample,  in  the  original  storage  bottle,  shall  be 
retained  for  examination  and  possible  additional  testing  to  detect  changes  caused  by  storage. 

4.6.10  Induction  systems  deposit  test.  The  inhibitor,  at  its  maximum  concentration,  shall  be  blended 
into  a  MlL-G-3056  motor  gasoline.  The  test  fuel  shall  then  be  tested  for  the  formation  of  induction 
system  deposits  in  accordance  with  Method  500  of  FED-SlD-791.  The  naphthawashed  deposits  shall  not 
exceed  2  mg/100  ml  of  fuel.  The  MIL-G-3056  gasoline  without  the  inhibitor  shall  also  be  tested  in 
accordance  with  Method  500  of  FED-STD-791  concurrently  to  define  the  level  of  deposition  occurring  as 
a  result  of  the  inhibitor. 

4.6.11  Emulsification  tendency  test.  The  inhibitor,  a*  maximuin  allowable  concentration,  shall  be 
blended  into  a  MIL-G-3056  motor  gasoline  and  a  MIL-F-46162  diesel  fuel.  Each  test  fuel  shall  then  be 
examined  for  emulsification  tendencies  in  accordance  with  Method  550  of  FED-STD-791.  Interface 
ratings  in  excess  of  three  arc  evidence  of  unsatisfactory  emulsification  tendencies  and  shall  not  be 
allowed.  The  MIL-G-3056  motor  gasoline  and  the  MIL-F-46162  diesel  fuel  shall  also  be  tested  in 
accordance  with  Method  550  of  FED-STD-791  to  identify  the  quality  of  the  fuels  before  the  addition  of 
the  inhibitor. 

4.6.12  Accelerated  stability  test.  The  test  inhibitor,  at  its  maximum  allowable  concentration,  shall  be 
blended  into  a  diesel  fuel  (W-F-8(X))  that  contains  no  additives.  Each  test  fuel  shall  be  tested  for  the 
formation  of  total  insolubles  in  accordance  with  ASTM  D  2274.  The  total  in.solubles  shall  not  exceed  1.5 
mg/100  ml.  The  diesel  fuel  without  the  test  inhibitor  shall  also  be  tested  in  accordance  with  ASTM  D 
2274  concurrently  to  define  the  level  of  insolubles  occurring  without  the  presence  of  the  inhiu.-or. 
(NOTE:  A  suitable  reference  diesel  fuel  for  this  evaluation  is  described  in  Melhoo  341.4  of 
FED-STD-791). 

4.6.13  Identification  tests,  /dcntificalion  tests  shall  be  conducted  in  accordance  with  the  following 
methods: 


Density  at  1 5'’C  ASTM  D  1 298  or  pyonomeler 

Viscosity  at  37.8='C  ASTM  D  445 


Flash  Point 


ASTM  D  56 


Neutralization  number 
pH 


Metallic  constituent 


ASTM  D  664,  total  acid  number 

On  0.10  -  0. 1 1  g  sample  in  125  ml  of  ASTM  D  664 
Titration  solvent.  Read  the  constant  pH  as  defined 
in  note  9  of  ASTM  D  664. 

Emission  spectrograph  not  applicable  for  materials 
with  ash  contents  of  0.05  percent  or  lower. 


5.  PACKAGING 


5.1  Packaging,  packing,  and  marking.  The  packaging,  packing,  and  marking  shall  be  in  accordance 
with  MIL-STD-290.  In  addition,  package  units  shall  be  labeled  to  the  extent  applicable  in  accordance 
with  Manual  L-1. 

6.  NOTES 

6.1  Intended  use.  The  inhibitors  covered  by  this  specification  are  used,  when  specifically  authorized,  in 
j?t  ’-ngine  fuels  for  the  prevention  of  corrosion  in  fuel  handling,  transportation,  and  storage  equipment 
and  to  improve  the  lubricating  qualities  of  jet  fuels.  Certain  of  the  inhibitors  are  also  used  in  automotive 
gasoline,  diesel  fuel,  and  related  petroleum  products. 

6.2  Ordering  data.  Procurement  documents  should  specify  the  following: 

a.  Title,  number,  and  date  of  this  specification 

b.  Quantity  required 

c.  Selection  of  applicable  levels  of  packaging  and  packing  (5.1). 

6.2.1  Amount  of  use  of  inhibitt.r.  When  Government  procurement  documents  specify  the  use  of 
inhibitors  in  fuels  and  related  petroleum  products,  the  concentration  of  inhibitor  shall  be  specified  in 
grams  of  inhibitor  per  cubic  meter  of  fuci  and  shall  not  be  less  than  the  minimum  effective  concentration 
nor  more  than  the  maximum  allowable  concentration  as  listed  on  the  Qualified  Products  List.  Since  the 
inhibitor  is  intended  for  use  under  many  different  environments,  it  is  not  possible  to  establish  a  single 
optimum  concentration  for  all  uses.  Therefore,  when  a  specific  concentration  is  not  required  by  the 
Government,  the  quantity  of  inhibitor  used  may  vary  to  meet  specific  conditions. 

6.3  Toxicity.  Questions  pertinent  to  toxicity  should  be  referred  by  the  procuring  activity  to  the 
appropriate  departmental  medical  service  who  will  act  as  an  advisor  to  the  procuring  activity.  In  case  of 
Army  procurement,  the  Surgeon  General  will  act  as  advisor  to  the  procuring  activity. 

6.4  Inhibitor  for  addition  to  fuels.  When  a  fuel  contractor  or  the  Government  purchases  the  inhibitor  for 
addition  to  fuels  to  be  used  by  the  Government,  the  manufacturer  of  the  inhibitor  must  certify  lO  the 
purchaser  that  the  prcxluct  is  an  inhibitor  that  has  been  qualified  under  this  specification.  In  addition,  a 
lest  report  showing  compliance  of  the  product  with  the  requirements  of  4.4  must  be  supplied  to  the 
purchaser.  Additional  data  may  be  required  by  the  purchasing  activity  to  establish  compliance  with  this 
specification. 

6.5  Qualification. With  respect  to  products  requiring  qualification,  awards  will  be  made  only  for  products 
which  are  at  the  time  set  for  opening  of  bids,  qualified  for  inclusion  in  the  applicable  Qualified  Products 
List  whether  or  not  such  products  have  actually  been  .so  listed  by  that  date.  The  attention  of  the 
contractors  is  called  to  these  rcquiremet.is,  and  manufacturers  are  urged  'o  arrange  to  have  the  products 
that  they  propose  to  offer  the  Federal  Govennent  tested  for  qualification  m  uidcr  'hat  they  may  be 
eligible  to  be  awarded  contracts  or  orders  for  the  prtxlucls  covered  by  this  specification.  The  activity 
responsible  for  the  Qualified  Products  List  is  the  Aero  Propulsion  Laboratory,  Air  Force  Wright 
Aeronautical  Laboratories  (POSF),  Wright-Pailcrson  AFB,  OH  4543."^,  and  information  pertaining  to 
qualification  of  products  may  be  obtained  from  that  activity. 

6.6  Changes  from  previous  issue.  Asterisks  are  not  used  in  the  revision  to  identify  changes  with  respect 
to  the  previous  issue,  due  to  the  extensiveness  of  the  changes. 
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Figure  r-S.  IPC  4445 
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Figure  F-8. 
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Figure  F-W 
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Figure  F-I4. 
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Figure  F-I5 
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DETERMINATION  OF  CORROSION  INHIBITOR  CONTENT 
IN  AVIATION  FUELS 
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Abstract 

An  RPHPLC  analytical  method  has  been  developed  (hat  quantitatively  determines  DLA  in  JP-4  type 
fuels.  The  method  requires  no  sample  pretreatment,  allowing  the  direct  additive  analysis  to  be 
performed.  Preliminary  tests  on  4  corrosion  inhibitors  with  dissimilar  active  ingredients  indicates  that 
quantitative  separation  is  accomplished.  The  high  surface  activity  of  DLA  and  Cl  products  containing 
active  ingred.-TLs  of  a  similar  nature  require  that  standards  be  made  daily  and  samples  be  analyzed  within 
hours  after  tiiey  are  taken.  Teflon  type  containers  for  preparation  of  standards  and  samples  were  found 
to  contribute  to  the  precision  and  accuracy  of  the  lest  method.  The  reverse  phase  high  performance  liquid 
chromatography  (RPHPLC)  methodology  developed  during  this  investigation  is  based  on  the  ability  of 
the  method  to  detect  DLA  which  is  the  primary  active  ingredient  present  in  many  fuel  soluble  CL 


SECTION  1.0 
INTRODUCTION 


The  recent  use  of  .severe  prtKCssing  conditions  in  industry  to  refine  crude  oil  into  finished  lransporl''lion 
fuels  has  resulted  in  lubricity  related  fuel  system  wear  problems.  This  has  led  to  a  dependence  upon  the 
use  of  fuel  soluble  corrosion  inhibitors  as  lubricity  improvers. 

Currently,  there  arc  14  approved  corrosion  inhibitors  (Cl)  on  the  qualified  products  list  of  the 
M1L-1-25()17  specification.  Cl  additives  work  by  adsorption  to  metal  surfaces,  providing  corrosion 
inhibition  and  improved  lubricity  properties  for  fuels.  This  same  chanism,  however,  promotes 
additive  depletion  through  ad,sorption  on  pipeline  or  vessel  wails  during  fuel  transport  and  storage.  The 
ability  to  monitor  the  concentration  of  these  additives  is  imptiriant  to  assure  effective  levels  arc  present  at 
the  point  of  use  in  aircraft  or  test  systems. 

The  acceptable  method  lor  evaluating  the  lubricity  properties  ol  fuels  is  the  Ball  on  Cylinder  Lubricity 
Evaluator  (BCXLE)  test.  The  fluid  under  test  is  placed  in  a  controlled  atmosphere  test  reservoir  at  \{Wc 
relative  humidity.  A  non-roiaimg  steel  ball  is  held  in  a  vertically  mounted  chuck  and  forced  against  an 
axially  mounted  steel  cylinder  at  an  applied  load  of  KXK)  grams.  The  test  cylinder  rotates  at  a  fixed 
speed  and  receives  a  momentary  exposure  to  the  test  lluid  upon  each  revolution.  The  "'car  generated 
on  the  test  ball  is  considered  a  measure  of  fluid  lubricating  properties.  The  method  is  a  relative  system  of 
measurement  for  ranking  fuel  lubricity  but  can  not  determine  actual  levels  of  Cl  concentration. 

In  the  past,  several  approaches  for  determining  Cl  content  in  jet  fuel  have  been  investigated.  These 
methods  were  based  on  detection  of  the  dimer  of  linolcic  acid  (DLA)  which  was  found  to  be  the  primary 
active  ingredient  in  many  of  the  qualified  Cl.  One  of  the  first  methiKls  for  Cl  quantification  m  jet  fuel 


was  developed  by  the  DuPont  Company  (DuPont  Petroleum  Laboratory  Analytical  Method  No.  M14-78). 
This  method  uses  open  column  ion  exchange  with  infrared  (IR)  detection.  The  technique  is  labor 
intensive  and  the  IR  detection  is  subject  to  interference  from  the  ion  exchange  resin. 

Mor^  recent  techniques  use  an  alkali  extraction  to  remove  the  fuel  matrix  and  concentrate  the  additives 
tor  analysis.  Infrared  (IR)  spectroscopy  or  gel  permeation  chromatography  (GPC)  with  refractive  index 
(RI)  detection  arc  methods  that  have  been  evaluated  by  industry  (References  1, 2,3,4).  While  these 
techniques  have  been  moderately  successful,  they  arc  time  consuming  and  caution  mu.st  be  observed  in 
their  application.  The  technique  of  extraction  and  concentration  requires  considerable  effort.  Complete 
extraction,  with  no  losses,  is  extremely  difficult  to  achieve.  This  is  especially  true  of  surface  active  Cl 
compounds.  Infrared  spectroscopy  can  deviate  from  Beer's  Law  in  a  random  manner  because  of  chemical 
and  instrumental  effects.  The  spectrum  must  be  manually  interpreted  to  achieve  optimum  quantitative 
daut.  The  GPC-RI  technique  is  used  primarily  in  molecular  weight  distribution  estimates  for  large 
molecular  weight  compounds  such  as  polymers.  It  is  not  considered  to  be  quantitative.  Additionally, 
GPC  column  packings  tend  to  swell  and  contract  with  variations  in  temperature  and  solvent.  These 
variations  can  cause  problems  in  the  separation  pha.se  and  also  affect  the  refractive  index  detection  of  Cl 
compounds.  Furthermore,  GPC  repeatability  and  reproducibility  have  been  shown  to  be  poor. 

Techniques  arc  available  using  derivati/ation  of  fatty  acid  compounds  to  facilitate  analysis  by  gas 
chromatography  (GC)  or  high  performance  liquid  chromatography  (HPLC)  (Reference  5).  However,  the 
polar  impurities  and  high  molecular  weight  aromatic  hydrocarbons  in  jet  fuel  tend  to  interfere  with  an 
in  situ  dcrivati/ation.  For  this  technique  to  be  successful,  the  additives  would  first  have  to  be  extracted. 

Bergman,  et  al.,  described  a  simple  and  rapid  colorimetric  technique  for  non-esterified  fatty  acids 
{Reference  6).  A  modilied  version  of  this  method  was  evaluated  during  this  effort  to  determine  the 
potential  for  quantifying  DLA  in  a  fuel  matrix.  The  technique  initially  showed  promise  in  that  DLA  in 
hexane  standards  appeared  to  yield  linear  calibration  lines.  Although  the  line  slopes  remained  nearly  the 
same,  the  relative  absorbance  values  varied  significantly  between  calibrations.  This  indicated  a  variation 
in  analytical  sensitivity  The  problem  worsened  in  jet  fuel  matrices.  A  white  gelatinous  material  came 
out  of  solution  after  reaction.  The  absorbances  of  these  solutions  were  significantly  lower  than  the 
DLA/hexane  standards  and  were  non-linear.  It  was  apparent  that  polymeric  reactions  were  occurring 
involving  two  or  more  DLA  molecules  with  divalent  copper  ions.  As  a  result,  these  very  large  molecules 
were  precipitating  from  solution  and  no  quantitative  information  could  be  obtained. 

Green,  et  al.,  recently  reported  an  ion  pairing  HPLC  technique  for  the  i.solation  of  carboxylic  acids  from 
petroleum  (Reference  7).  Ihe  technique  requires  no  sample  pretreatment,  allowing  the  direct  injection  of 
the  fuel  samnlc  into  the  chromatograph.  Because  of  the  obvious  advantage  of  a  direct  injection  method,  a 
modilication  of  the  IPHPLC  technique  for  the  analysis  of  DLA  was  investigated.  The  modification 
consisted  of  a  change  in  mobile  phase  to  lower  its  ultraviolet  (UV)  cut  off  so  that  the  DLA  maxima  at 
202  nm  could  be  used.  To  accomplish  this,  the  hexane  was  replaced  with  pentane,  the  chloroform  wiih 
isopropanol,  and  th''  metlianol/teuamethylammonium  hydroxide  (iMA-OH)  with  acetonitrile/low  UV 
TMA-OH.  Percentage  composition  was  adjusted  to  maintain  .solubility. 

Using  the  mrxlified  mobile  phase,  an  analysis  of  a  standard  consisting  of  DLA  in  pentane  was  conducted. 
Gtxxl  sensitivity  for  DLA  was  apparent  although  the  DLA  peak  shape  was  not  optimum.  However,  when 
the  fuel  matrix  DLA  standards  were  run  the  DLA  was  not  completely  separated  from  the  fuel  matrix. 
Adjusunents  in  the  gradient  program  (i.e.  varying  the  percentage  of  the  solvents  and  the  rates  of  these 
changes)  did  not  resolve  the  DLA  from  the  fuel  matrix. 

Assessment  of  the  above  candidate  techniques  provided  the  basis  for  the  design  of  a  reverse-phase  HPLC 
(RPHPLC)  approach  to  quantifying  DLA  in  jet  fuels.  The  rationale  used  for  this  approach  was  based 
upon  the  following.  DLA  has  a  molecular  weight  of  about  5b0.  which  is  very  large  compared  to  other 
fuel  component  molecules;  DLA  is  very  polar  and  soluble  in  aqueous  base  and  several  low  UV  absorbing 
organic  solvents. 
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The  RPHPLC  method,  developed  and  presented  in  the  following  section,  uses  the  above  properties  to 
allow  the  rapid  direct  analysis  of  DLA  in  jet  fuel.  Data  arc  presented  for  a  DLA  standard  and  container 
type  stability  study,  standard  calibration  statistics,  interferences  study,  and  method  applicability  to  four 
approved  Cl  products. 


SECTION  2.0 
EXPERIMENTAL 


2.1  MATERIALS 

HPLC  grade  isopropanol  and  water  were  obtained  from  Burdick  and  Jackson  (Muskegon,  MI).  Potassium 
phosphate,  monobasic  and  sodium  hydroxide  were  ACS  Analytical  Reagent  grade  obtained  from 
Mallinckrodt,  Inc.  (Paris,  KY).  EMPOL  1010,  a  dilinolcic  acid  of  97%  purity,  was  obtained  from  Emery 
Chemical  Co.  (Cincinnati,  OH).  Additive  free  JP-4  fuel  samples  were  obtained  from  Sun  Oil  Co. 
(Philadelphia,  PA),  Ashland  Oil  Co.  (Ashland,  KY)  and  Hunt  Oil  Co.  (Dallas,  TX).  Four  samples  of  the 
14  approved  Cl  products  listed  on  the  QPL  of  MIL-I-25017  specification  were  ontained  from  the 
respective  suppliers.  Isopar  M  solvent  was  obtained  from  Exxon  Co.  (Houston,  TX). 


2.2  METHOD 

A  Varian  Mcxlel  .^56()  Ternary  Liquid  Chromatograph  was  used  to  perform  all  HPLC  analy.ses  in  tins 
study.  It  was  equipped  with  a  Varian  Model  UV2(X)  variable  wavelength  uliraviolei-visibic  detector  set 
to  202  nm  with  a  0.5  second  response  time,  a  Rheodyne  Model  7125  injector  valve  with  50  pL  sample 
loop  and  an  electronic  column  heater.  A  cyanopropyl  bonded  phase  column  (Brownlee  Labs),  5  micron 
particle  si/.c,  22  cm  x  4.6  mm  with  3  cm  cyanopropyl  guard  column  was  used  for  the  separations. 
Quantitation  was  accomplished  with  a  Varian  Model  Vista  402  Chromatography  Data  System.  All 
baseline  treatment  was  peak  valley  to  peak  valley  and  peak  height  quantification  was  automatica'Iv 
determineel  by  the  Vista  402  .software  using  the  external  standard  calibration  mode. 

Ihc  mobile  phase  consisted  of  60%  i.sopropyl  Alcohol  (IPA)  AND  40%  Ph  7.0  buffer  (0.0395  M 
KH2P04/Na0H).  The  buffer  solution  was  prepared  by  diluting  250  mL  of  0.1  M  KH2P04  and  145  inL 
of  0.1  M  NaOH  to  KXK)  mL  with  HPLC  grade  water.  The  column  heater  was  set  to  28  C  to  eliminate  the 
affect  of  temperature  fluctuauons  on  the  chromatographic  separation.  It  was  found  that  a  1  C  column 
temperature  change  altered  peak  retention  times.  A  temperature  of  28  C  is  sufficient  to  overcome  this 
problem  and  yet  not  damage  the  column  packing. 

The  standards  and  .samples  arc  syringe  injected  directly  into  the  HPLC  system  via  50  uL  sample  loop.  A 
500  uL  smooth  bore  glass  and  Teflon  syringe  is  best  for  this  purpose.  The  sample  loop  is  first  washed 
wiih  a  500  uL  aliquot  of  sample  from  the  syringe.  The  second  5(X)  uL  aliquot  is  the  analysis  sample. 
This  assures  complete  sample  loop  filling  and  that  sample  loss  and  cross  contamination  arc  minimi/.cd. 
Between  samples  the  syringe  plunger  is  removed  and  the  syringe  is  thoroughly  cleaned  with  isopropyl 
alcohol  and  acetone.  It  is  then  dried  with  ck^n  nitrogen. 

The  additives  elute  first,  ahead  of  the  fuel  matrix.  After  this  it  is  neccs.sary  to  remove  the  rest  of  the  fuel 
sample  from  the  column  prior  to  the  next  analysis.  To  accomplish  this  a  wash  cycle  begins  at  4.0 
minutes  into  the  run  using  the  ternary  (3  solvent)  capability  of  the  chromatograph.  Reservoirs  A,  B  and  C 
contain  IPA,  buffer  solution  and  pure  HPLC  grade  water,  respectively.  The  sequence  begins  at  sample 


injcclion  and  ihc  program  is  started.  The  initial  conditions  of  60%  IPA,  40%  buffer,  and  a  flow  rate  of  0.8 
mL/minuie  are  held  constant  for  the  first  four  minutes.  Aftr-r  4.0  minutes  a  gradient  to  100%  water 
(reservoir  C)  is  run  over  a  one  minute  interval  and  then  held  at  KX)%  water  for  two  minutes.  This  assures 
removal  ol  butler  so  that  no  salt  precipitation  occurs  which  can  damage  both  the  chromatograph  and 
analytical  column.  Flow  rate  is  also  adjusted  to  1.^  mL/mmuic  at  this  point. 

At  the  end  of  the  two  minute  water  wash,  now  7.0  minutes  into  the  run,  a  gradient  to  100%  IPA  (reservoir 
A)  IS  made  in  1.0  minute  and  held  for  two  minutes.  This  assures  complete  removal  of  the  fuel  matrix 
Irom  the  column.  Next,  a  one  minute  gradient  is  run  back  to  100%  water  (again  required  to  prevent 
buffer  salt  precipitation)  followed  by  an  immediate  one  minute  gradient  to  60%  IPA  and  40%  buffer. 
This  completes  12.0  minutes  into  the  analysis  and  is  followed  by  a  4-minutc  flush  with  the  original 
mobile  phase  at  1.3  mL/mmute.  At  16.0  minutes  the  flow  rate  is  adjusted  over  a  one  minute  interval 
back  to  0.8  mL/min.  Reequilibration  to  a  stable  baseline  requires  an  additional  13.0  minutes  for  a  total 
elapsed  time  of  30.0  minutes. 

System  pressure,  m  general,  will  vary  depending  upon  the  mobile  phase,  column  length  and  packing  type. 
However,  for  the  conditions  used  in  this  work,  an  initial  pressure  of  215  atmospheres  (3160  psi)  is 
normal.  Pressure  will  increase  during  the  column  wash  cycle,  reaching  300  atmospheres  (4410  psi),  but 
returns  to  about  215  aunospheres  after  adjustment  of  the  How  rale  to  0.8  mL/minutc. 


SFXTION  3.0 

RF.SULT.S  AND  DISCUSSION 


During  the  course  of  this  study,  Isopar  M,  a  narrow  cut  isoparaffinic  solvent,  was  found  to  fulfill  the 
requirements  lor  a  pure,  fuel-like  solvent.  Therefore,  Isopar  M  was  used  for  some  experiments  to  serve 
as  a  standard  matrix  in  evaluating  HPLC  parameters. 

Figures  I  and  2  respectively,  aie  composite  calibration  chromatograms  of  DLA  in  l.sopar  M,  and  DLA  in 
additive  free  (neat)  JP-4  from  Hunt  Oil  Co.  The  DLA  peak  can  be  seen  at  a  retention  time  of  2.6 
minutes.  The  other  peaks  shown  in  chromatograms  arc  believed  to  be  pillar  compounds  from  the  matrix 
since  they  appear  m  the  neat  fuel  chromatograms  as  well. 

Figures  ^  and  4  arc  the  results  of  linear  regression  analyses  performed  on  the  data  from  Figures  1  and  2, 
respectively.  The  suindard  error  of  the  estimate  (SEE)  for  DL  A  in  Isopar  M  was  0.59  ppm.  The  SEE  for 
DLA  in  neat  JP-4  was  0.40  ppm.  The  correlation  ctx;fficicni  was  0.9993  for  DLA  in  Isopar  M  and  0.998 
lor  Dl.A  in  neat  JP-4. 

A  time  stability  experiment  using  1(X)  mL  glass  containers  and  1(X)  mL  Teflon  containers  was  conducted 
to  evaluate  the  cffeei  of  container  type  on  the  stability  of  DLA  standards  and  Cl  analyses.  Standards  of 
l(X)  mL  volumes  were  prepared  at  a  concentration  of  25.4  parts  per  million  (ppm)  DLA  in  Isopar  M  and 
monitored  for  DLA  depletion  as  a  function  of  time.  Within  8  hours,  the  DLA  standard  in  glass  had 
depleted  to  23.4  ppm,  a  7.9%;  decrease,  while  the  standard  in  Teflon  had  depleted  to  24.7  ppm,  a  2.8% 
decrcase  in  concentration.  After  .3  days,  the  standards  in  both  containers  were  shown  to  stabilize  at  a 
concenuation  of  20.0  ppm.  No  further  changes  in  concentrations  were  noted  at  the  conclusion  of  8  days. 
The  results  of  the  investigation  indicated  that  for  a  given  DLA  concentration  and  solution  volume,  (1)  the 
container  surface  type  dictates  the  rate  of  DLA  depletion  (i.e.  glass  >  Teflon)  and  (2)  the  degree  of 
depletion  may  be  a  function  of  container  area  in  coniaci  vith  the  solution. 

The  additive  free  JP-4  fuels  obtained  from  Ashland,  Hunt  and  ,Sun  Oil  Companies  were  analyzed  for 


possible  Inierferences  lo  Cl  additive  quantification.  A  standard  calibration  was  made  and  each  fuel 
analyzed.  Only  the  Sun  Oil  Co.  fuel  sample  produced  a  peak  at  the  2.6-minutc  retention  time  shown 
previously  for  DLA.  This  peak,  however,  was  very  small  and  did  not  present  a  significant  interference 
problem.  One  additive  free  JP-5,  obtained  from  the  Naval  Air  Propulsion  Center,  was  also  analyzed.  No 
interfering  peaks  were  observed  for  that  sample. 

Applicability  of  the  RPHPLC  technique  to  several  approved  Cl  products  was  determined.  The  four  Cl 
products  chosen  for  investigation  were  DCI-4A  (DuPont),  Nalco  5405  (Nalco  Co.),  Tolad  245  and  Tolad 
249  (Petrolite  Co.).  The  DCI-4A,  Nalco  5405  and  Tolad  249  were  reported  to  contain  dimer  acids,  trimer 
acids  and  fatty  acids  as  active  ingredients.  Tolad  245,  however,  was  reported  to  contain  acylated  glycols 
and  acylated  alkanolamines  as  active  ingredients. 

Figure  5  shows  RPHPLC  chromatograms  of  DC1-4A,  Nalco  5405,  Tolad  245  and  Tolad  249  in  Isopar  M 
solvent.  The  chromatograms  show  good  separation  of  the  additives  from  the  solvent  matrix  and  indicate 
separation  will  occur  in  a  jet  fuel  matrix.  In  addition,  the  size,  shape  and  resolution  of  the  peaks  shown 
in  the  chromatograms  indicate  quantification  is  possible,  especially  when  the  particular  Cl  prixluct  used 
is  known.  If  the  additive  used  is  not  known,  it  may  be  possible  to  identify  it  from  its  unique 
chromatogram  fingerprint.  Work  in  this  area  still  needs  to  be  done.  The  diversity  of  active  ingredients 
found  in  the  four  Cl's  evaluated  indicates  that  for  a  fuel  sample  containing  a  mixture  of  these  products 
quantification  may  not  be  possible.  Such  a  situation  could  arise  when  a  sample  is  taken  from  a  bulk 
storage  tank  that  receives  fuels  containing  different  Cl  products.  This  mixture  could  not  be  resolved  with 
the  present  RPHPLC  technique.  The  mixture  of  additives  would  prevent  accurate  calibration  of 
standards.  The  technique  could  be  used,  however,  to  monitor  the  normalized  total  Cl  content.  This 
would  provide  the  basis  for  determining  Cl  losses  during  fuel  tran.sport  and  storage. 
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F  iKure  3.  Linear  Regression  Analysis  of  Data  From  Figure  1 


F  igure  4.  Linear  Regression  Analysis  of  Data  From  Figure  2 
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SECTION  4.0 


CONCLUSIONS  AND  RECOMMEND* TIONS 


An  RPHPLC  analytical  method  has  b<“en  developed  that  quamitaiivcly  determines  DLA  m  JP-4  type 
fuels.  The  method  requires  no  sample  prcircatmcnt,  allowing  the  direct  additive  analysis  to  be 
performed.  Preliminary  ieo.is  on  4  corrosion  inhibitors  with  dissimilar  active  i'rgrrdients  indicates  that 
quantitative  separation  is  accomplished.  The  high  surface  activity  of  DLA  and  Cl  products  containing 
active  ingredients  of  a  similar  nature  require  that  standards  be  made  daily  and  samples  be  analyzed  within 
8  hours  after  they  are  taken.  Teflon  type  containers  for  preparation  of  standards  and  samples  were  found 
to  contribute  to  the  precision  and  accuracy  he  test  method. 

The  RPHPLC  methodology  developed  during  this  investigation  is  based  on  the  ability  of  the  method  to 
delect  DLA  which  is  the  primary  active  ingredient  present  in  many  fuel  soluble  Cl.  It  is  recommended 
that  the  applicability  of  the  technique  to  all  14  approved  Cl  in  a  vaj'ciy  of  fuel  lypes  be  determined. 
Additional  developmeni  of  the  test  metfiod  should  be  pursued  to  farther  refine  instrumental  parameters, 
identify  Cl  containing  active  ingredients  other  than  DLA  and  recommend  modifications  to  the  method 
which  would  permit  a  broader  application  for  determining  Cl  content  in  jet  fuels. 
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ASSESSMENT  OF  THE  FIBER  OPTIC  MODIFIED  JET  FL'EL 
THERMAL  OXIDATION  TESTER 


Period  of  Performance 

27  March  1987  through  15  July  1988 
Reference 

Task  Order  No.  14,  Topical  Report  No.  1 1,  FR  19032-11,  July  1988,  Tedd  Biddle 

Abstract 

The  Fiber  Optic  Moditied-Jei  Fuel  Thermal  Oxidation  Tester  was  developed  by  Geo-Centers,  Inc., 
Boston,  Massachusetts,  under  Navy  funding  (Reference  1).  Key  features  include  a  means  for  producing 
quantitative  data  with  the  JFTOT,  real  time  data  acquisition  and  display,  and  data  at  eight  temperatures 
obtainable  from  one  test.  The  objectives  of  this  technical  effort  included  the  procurement,  setup,  and 
functional  assessment  of  the  FOM-JFTOT  system  hardware  and  software. 


SECTION  1.0 

INTRODUCTION  AND  BACKGROUND 


Fuel  thermal  stability  has  been  identified  as  a  critical  limiting  factor  in  the  development  of  propulsion 
systems  for  high  speed  aircraft.  For  advanced  high  speed  aircraft  flying  at  speeds  greater  than  Mach  3, 
fuel  is  the  only  available  heat  sink.  Fuel  will  undergo  considerable  thermal  stress  as  the  primary  source 
for  cooling  cabin  air,  electronics,  lubricants,  hydraulic  fluids,  and  some  engine  and  airframe  structural 
components.  Fuel  system  coking  has  already  been  observed  in  some  current  engines,  plugging  spray 
rings,  fuel  nozzles,  and  h^at  exchangers.  The  result  is  reduced  performance  and  reliability. 

Although  qualitative  methods  have  been  relied  upon  in  the  past  to  rale  the  tendency  of  a  fuel  to  lorm  fuel 
system  deposits,  it  is  widely  agreed  that  a  more  quantitative  system  of  measurement  is  needed.  A  less 
subjective,  more  quantitative  method  would  have  value  in  providing  kinetic  rate  data,  characterizing 
advanced  fuel  candidates,  evaluating  thermal  stability  improving  additives,  and  improving  the  reliability 
of  quality  control  testing.  The  concept  of  applying  fiber  optics  to  a  standard  Jet  Fuel  Thermal  Oxidation 
Tester  (JFTOT)  may  represent  a  significant  step  forward  in  providing  quantitative,  real  lime  deposition 
rale  data.  If  successfully  developed,  the  Fiber  Optic  Modified  JFTOT  (FOM-JFTOT)  could  provide  a 
means  for  getting  the  most  out  of  the  data  currently  available  from  a  standard  accepted  test  method  while 
a  comprehensive  long  range  research  program  directs  effort  to  techniques  which  more  closely  simulate 
actual  engine  conditions  and  thermal  environments. 

The  FOM-JFTOT  was  developed  by  Geo-Centers,  Inc.,  Boston,  Massachusetts,  under  Navy  funding 
(Reference  1).  Key  features  include  a  means  for  producing  quantitative  data  with  the  JFTOT,  real  lime 
data  acquisition  and  display,  and  data  at  eight  temperatures  obtainable  from  one  lest.  The  objectives  of 
this  technical  effort  included  the  procurement,  setup,  and  functional  assessment  of  the  FOM-JFTOT 
system  hardware  and  software.  To  facilitate  and  coordinate  the  preliminary  validation,  close 
communication  was  maintained  with  the  Naval  Air  Propulsion  Center  (NAPC),  Trenton,  N.J.  and 
AFWAL/POSF.  Three  NAPC'  supplied  fuels  were  evaluated  to  provide  a  limited  means  for  evaluating 
repeatability  and  reproducibility.  Limitations  of  the  FOM-JFTOT  were  identified  as  well  as  the  potential 
for  further  development. 
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SFXTION  2.0 


EXPERIMENTAL 


2.1  EQUIPMENT 

2.1.1  Jet  Fuel  Thermal  Oxidation  Tester  (JFTOT) 

An  InierAv  Research  Model  JFTOT  was  used  in  this  investigation.  A  fuel  system  schematic  for  the 
Inter Av  Research  Model  JFTOT  is  shown  in  Figure  1.  All  testing  was  conducted  according  to  the 
method  described  in  ASTM  D3241,  "Thermal  Oxidation  Stability  of  Aviation  Turbine  Fuels  (JFTOT 
Procedure)".  Aerated  fuel,  initially  at  ambient  temperature,  was  passed  at  a  rate  of  0.05  mL/s  over  a 
heated  aluminum  tube  and  through  a  17  micron  filter  For  breakpoint  temperature  determinations  the 
stability  of  the  fuel  was  determined  by  its  propensity  to  lacquer  the  tube  and  block  the  filter  during  a 
2.5-hour  lest.  The  color  of  the  lacquer  was  assessed  by  visual  comparison  with  an  ASTM  color  chart. 
For  visual  lube  ratings,  the  color  of  the  lacquer  produced  was  considered  a  failure  if  a  rating  of  code  3  or 
greater  was  obtained.  The  pressure  drop  developed  across  the  filler  was  considered  a  failure  if  it 
exceeded  25  mm  Hg.  Breakpoint  temperatures  were  deiined  as  the  highest  temperature  at  which  the  fuel 
passed  the  JFTOT  test. 

2.1.2  Configuration  01  Fiber  Optic  Modified  JFTOT 

The  fiber  optic  monitoring  system  was  interfaced  with  the  InterAv  Research  Model  JFTOT. 
Configuration  of  the  FOM-JFTOT  is  .shown  in  Figure  2.  The  only  hardware  modification  required  was 
replacement  of  the  standard  heater  tube  test  section  with  one  on  which  fiber  optic  probes  were  mounted. 
The  interior  of  the  specially  designed  test  section  is  circular,  while  the  exterior  is  square.  Threaded  metal 
connectors  for  eight  probes  are  welded  to  the  exterior  in  a  spiral  arrangement  along  the  length  of  the 
heater  tube  between  stations  28  and  48  millimeters  (mm).  The  ends  of  the  probes  are  flush  with  the 
interior  surface  of  the  heater  tube  holder  and  are  designed  to  be  non-intrusive  to  the  fuel  flow.  A  cross 
section  diagram  of  the  heater  tube  holder  is  shown  in  Figure  3  (Reference  2).  The  probe  positions 
correspond  to  the  ASTM  D3241  temperature  profile  for  aluminum  tubes  and  are  shown  in  Table  1. 
Because  the  probes  are  located  at  positions  of  different  temperature  along  the  tube,  the  dejjosilion  rate  at 
each  of  these  temperatures  can  be  determined  from  a  single  JFTOT  run. 

As  shown  in  Figure  2,  an  electronics  box  (electro-optic  module)  contains  both  a  source  and  a  detector  for 
each  probe.  Each  probe  consists  of  a  fiber  optic  bundle  containing  .seven  fibers.  The  light  from  the 
source  is  transmitted  through  one  fiber  to  the  healer  tube.  The  light  reflected  back  from  the  healer  tube 
and  deposit  surface  is  conducted  back  through  the  remaining  six  fibers  to  the  photo  detector.  A  Leading 
Edge  computer  receives  and  stores  the  data  obtained  during  the  run.  An  inverted  plot  of  reflected  light 
intensity  (attenuation)  versus  lime  is  continuously  displayed  on  the  monitor  using  a  different  color  for 
each  probe.  Figure  4  is  an  example  of  the  real  time  CRT  display.  Each  minimum  or  maximum  inflection 
point  shown  on  the  plot  equates  to  a  deposit  thickness  accumulation  of  0.14  micron.  A  separate  Hewlett 
Packard  Vccira  Scries  9000  computer  was  used  to  perform  all  data  analysis  and  plotting  routines. 

2.2  SOFTWARE 

The  Geo-Centers  software  consists  of  a  data  acquisition  package  and  a  data  analysis  package.  The  data 
acquisition  software  provides  real  lime  data  collection  and  display  and  currently  has  allocated  space  for 
6(X)  data  poii.,o  pci  test.  For  example,  2  data  points  per  minute  would  be  taken  for  a  test  of  300-minule 
duration.  The  data  analy,-.is  software  package  performs  thickness  calculations  and  plating  routines  for 
attenuation  vs  lime,  thickness  vs  lime,  and  thickness  vs  lube  position.  The  software  permits  printing 
tables  of  thickness  vs  time,  probe  number  (therefore,  position  and  temperature)  vs  total  deposit,  and 
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inflection  point  vs  time. 

2.3  THEORY 

The  application  of  fiber  optics  to  a  .standard  JFTOT  for  monitoring  real  li.mc  deposit  formation  is  based 
on  the  principles  of  light  interference  or  mterferometry'.  Changes  in  intensity  of  reflected  light  during 
film  formation  permits  calculation  of  film  thickness  in  microns.  The  thickness  of  the  film  is  determined 
from  the  wavelength  of  the  light  and  the  number  of  cycles  observed.  The  thickness  measurement  is 
corrected  for  the  refractive  index  of  the  film  and  the  angle  at  which  the  light  passes  through  the  Film. 
The  thickness  of  the  film  (d),  in  microns,  in  calculated  using  the  following  equation: 

d  =mX,'(2n  cosij)) 

where 

m  =  number  of  retlected  light  cycles  observed 

(1  light  cycle  =  1  maximum  plus  1  minimum  inflection  point) 

h=  wavelength  of  light 

n  -  refractive  index  of  deposit  =  1.6 

4i  =  angle  from  the  normal  that  light  passes  through  the  film  =  6.9  degrees 
(cos  6.9  =  1) 

The  light  source  used  is  a  near  infrared  light  emitting  diode  (LED)  with  a  wavelength  of  880  nanometers 
(nm).  Geo-Centers  measured  the  refractive  indices  of  several  jet  and  diesel  fuel  deposits  and  found  that 
all  those  measured  had  refractive  indices  in  a  narrow  band  around  1.6.  The  wavelength  of  the  light  in  the 
deposit  is  880nm  /  1.6  =  550  nm,  therefore,  1/4  wavelength  =  138  nm  =  0.14  microns,  1/2  wavelength  = 
0.28  microns,  3/4  wavelength  =  0.42  microns,  etc. 

Figure  5  shows  the  theory  upon  which  the  FOM-JFTOT  works:  (1)  Light  from  the  source  reflects  off  the 
front  and  back  of  the  deposit  and  undergoes  a  phase  change  due  to  differences  in  the  refractive  indices  of 
the  deposit  and  the  tube  surface,  (2)  Wave  2  will  emerge  in  or  out  of  phase  with  Wave  1  depending  on 
the  distance  Wave  2  travels  through  the  film.  (3)  If  Wave  2  emerges  in  phase  with  Wave  1,  it  will 
interfere  constructively  with  Wave  1;  if  Wave  2  emerges  out  of  phase  with  Wave  1,  it  will  interfere 
desu^uctivcly  with  Wave  1.  (4)  This  interference  effect  results  in  changes  in  the  intensity  of  the  reflected 
light:  constructive  interference  results  in  a  maxinium  intensity  of  the  reflected  light,  while  destructive 
interference  results  in  a  minimum  intensity  of  the  reflected  light.  Figure  6  shows  the  effect  of  film 
thickness  on  reflected  light. 

2.4  TEST  APPROACH 

2.4.1  Test  Fuels 

Functional  as,ses.smcnt  of  the  FOM-JFTO'T'  was  conducted  using  three  N APC  supplied  fuels.  The  samples 
were  identified  as  FF-3,  a  470^  (243°C)  breakpoint  JP-5;  NAPC  17,  a  470°F  (243°C)  breakpoint  diesel 
marine  fuel;  and  FF-8,  a  5(X)°F  (260°C)  breakpoint  JP-5.  The  FF-3  fuel  had  been  used  throughout  much 
of  NAPC's  FOM-JFTOT  development  work.  The  fuels  were  reported  to  have  been  in  outside  storage  for 
many  months  at  the  NAPC  facility  and  subjected  to  severe  temperature  changes.  Breakpoint 
temperatures  were  confirmed  at  P&W  to  determine  if  changes  in  thermal  stability  had  occurred  during 
the  period  of  storage.  P&W  breakpoints  agreed  with  those  reported  by  NAPC. 

2.4.2  FOM-JFTOT  Test  Conditions 

With  the  exception  of  sample  size,  test  duration,  and  lube  laling  icdiniquc,  FOM-jn'OI  tests  were 
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performed  according  lo  the  ASTM  D3241  JFTOT  procedure.  Duplicate  runs  were  performed  on  the  three 
fuels  at  three  different  test  temperatures  to  assess  the  effect  of  temperature  and  fuel  quality  on  time  to 
attain  a  0.14  micron  deposit  thicknc.ss  (first  ma.ximum  inflection  point).  Test  times  were  300  and  960 
minutes  (5  hours  and  16  hours,  respectively).  Test  duration  was  dictated  by  the  amount  of  time  required 
to  reach  the  first  maximum  inflection  point. 

2.4  J  Summary  Of  Test  Matrix 

JFTOT 
Break  Point 

Fuels:  NAPC  17  (DFM)  470°F  (243°C) 

FF-3  (JP-5)  470°F(243'’C) 

FF-8  (JP-5)  500“F(260“C) 


Test  Temperature;  550,  500, 450'^F  (288,  260,  232°C) 
Test  Duration  (min)'  3(Xi,  960 


SECTION  3.0 

RESULTS  AND  DISCUSSION 


3.1  ESTABLISHMENT  OF  HARDWARE  MAINTENANCE  PROCEDURE 

Frequent,  random,  probe  failures  were  experienced  in  a  number  of  the  early  test  runs.  Probe  failure 
resulted  in  a  lo«.s  of  data  midway  through  a  test.  Of  equal  concern  was  loss  of  time  required  for  test  setup 
and  execution.  Additionally,  there  was  a  concern  that  replacement  probe  costs  could  prove  to  be 
prohibitive  and  detract  from  the  feasibility  of  the  FOM-JFTOT  approach  to  thermal  stability  testing. 
Examination  of  the  failed  probes  under  a  microscope  revealed  coke  deposits  on  probe  surfaces. 

Removal  of  the  coke  was  accomplished  by  applying  a  commercially  available  cleaner  called  "Micro 
Laboratory  Cleaning  Solution",  manufactured  by  International  Products  Corporation,  Trenton,  N.J..  A 
10%  solution  of  the  cleaner  was  applied  with  a  cotton  swab  to  the  probe  surface  and  allowed  to  soak  for 
several  minutes.  Fresh  cotton  swabs  were  then  used  to  remove  the  cleaning  solution,  apply  a  deionized 
water  rinse,  and  dry  the  probe  surface.  Subsequent  inspection  of  the  probe  surface  under  a  microscope 
indicated  whether  repeating  the  procedure  for  further  cleaning  of  the  probe  was  necessary. 

The  careful,  gentle,  use  of  cotton  swabs  in  the  cleaning  procedure  was  found  to  be  important  due  to  the 
fragility  of  the  glass  probe  surfaces  used  for  transmitting  and  receiving  light.  Implementation  of  the 
cleaning  procedure  restored  the  failed  probes  to  good  working  order.  Microscopic  examination  and 
cleaning  of  the  probes  at  the  conclusion  of  each  FOM-JFTOT  test  was  incorporated  into  the  test  method 
as  a  preventative  maintenance  procedure. 

3.2  SOFTWARE  LIMITATIONS  AND  IMPROVEMENTS 

A  number  of  improvements  were  made  to  the  FOM-JFTOT  system  software  to  rectify  significant 
limitations  and  errors  identified  during  the  collection  and  analysis  of  fiber  optic  data.  Modifications  to 
the  acquisition  program  included  storage  of  test  data  to  disk  as  it  is  collected  during  the  test  run. 
Formerly,  data  was  not  stored  on  disk  until  the  entire  test  had  been  completed.  This  resulted  in  a  loss  of 


icsl  data  it'  momcniary  power  inlcrrupiions  were  experienced.  Further  as.ses.smeni  of  the  software  found 
that  erroneous  identification  of  mnection  points  (representing  deposit  accumulation)  were  resulting  in 
incorrect  calculations  of  deposit  thickness.  Modifications  to  the  software,  therefore,  included 
establishment  of  appropriate  limits  for  the  computer  identification  of  all  valid  inflection  points.  A 
subroutine  was  written  to  check  for  available  disk  space  before  initiating  a  test  run  and  notify  the  operator 
if  insufficient  space  as  available.  Prior  to  this  modification,  available  disk  space  was  incorrectly 
identified  and  resulted  in  a  loss  of  data  at  the  end  of  the  test. 

Figure  9  is  a  plot  of  deposit  thickness  vs  time  for  probe  5.  The  data  points  represent  actual  data  from  a 
test  performed  at  55(j^F  (288°C)  on  one  of  the  test  fuels.  The  Geo-Centers  software  drew  a  straight  line 
between  two  points  consisting  of  zero  thickness  at  zero  minutes  and  total  deposit  thickness  at  the  end  of 
the  test.  Because  the  validity  of  this  line  was  suspected,  a  routine  was  incorporated  into  the  data  analysis 
software  to  permit  plotting  of  a  best  fit  line  derived  from  all  maximum  and  minimum  iiifit-ction  points. 
Figure  9  shows  the  least  squares  linear  curve  fit,  the  Geo-Centers  line,  and  a  polynomial  curve  tu.  /. 
comparison  of  these  lines  indicate  that  deposit  accumulation  as  a  function  of  time  for  each  probe  would 
be  best  represented  using  a  first  or  second  o.'-der  polynomial  curve  fit.  Additionally,  routines  were  written 
for  the  generation  of  Arrhenius  plots  and  the  calculation  of  activation  energies  and  FOM-JFTOT 
bieakpoints. 

3J  EVALUATION  OF  NAVT  FUELS 
3.3.1  FOM-JFTOT  Data 

In  the  assessment  of  the  FOM-JFTOT  and  evaluation  of  the  Navy  fuels,  only  data  generated  at  heater 
tube  positions  represented  by  probes  1  through  5  (located  at  the  hot  spot  and  upstream  of  the  hoi  spot) 
were  considered.  Data  generated  at  probes  6, 7,  and  8  (lube  positions  downstream  of  the  hot  .spot)  did  not 
correlate  well  with  data  generated  at  probes  1  through  5.  As  shown  in  Figure  8,  significantly  greater 
deposits  were  generated  downstream  of  the  hot  spot  than  at  equivalent  temperatures  upstream  of  the  hot 
spot.  This  may  be  attributed  to  prestressing  the  fuel  during  exposure  to  the  temperature  gradient  in  the 
region  of  the  fuel  inlet  to  the  healer  tube  hot  spot.  Another  possible  cause  for  greater  deposits 
downstream  of  the  hot  spot  is  the  formation  of  decomposition  products  that  are  soluble  in  the  fuel  at  the 
hot  spot  temperature  but  become  insoluble  at  cooler  temperatures  downstream  of  the  hot  spot. 

Data  generated  on  the  three  NAPC  supplied  fuels,  FF-3  (JP-5,  NAPC  17  (DFM),  and  FF-8  (JP-5),  arc 
shown  in  Tables  2,3  and  4,  respectively.  The  Tables  represent  FOM-JFTOT  runs  performed  at  test 
temperatures  of  550°F  (288'^C),  5(X)°F  (260°C),  and  450°F  (232°C).  Time  to  achieve  the  first  maximum 
infiection  point,  i.e.  the  accumulation  of  a  0.14  micron  deposit  thickness,  is  shown  in  minutes  for  each  of 
the  5  probe  positions.  Each  probe  position  represents  a  different  temperature  according  to  the  ASTM 
D3241  temperature  profile  for  aluminum  tubes. 

Times  to  first  maximum  inflection  point  shown  in  these  tables  were  identified  by  the  computer  software. 
In  some  cases,  no  data  was  obtained  for  a  particular  probe  because  the  probe  failed  during  the  test.  In 
other  instances,  depending  on  the  thermal  stability  properties  of  a  fuel,  there  was  insufficient  temperature 
at  a  particular  probe  location,  or  insufficient  time  at  that  temperature,  to  achieve  a  0.14  micron  deposit 
build  up. 


Tests  performed  on  FF-3  at  SSO^F  and  500^F  were  conducted  over  a  5-hour  period.  As  shown  in  Table  2, 
at  a  lest  temperature  of  5(X)^F  (260''C)  probes  1  and  2  were  at  insufficient  temperature  to  achieve  a  0.14 
micron  deposit  thickness  in  five  hours.  Runs  performed  on  FF-3  at  a  lest  temperature  of  45(FF  (232°C) 
were  conducted  over  a  16-hour  period.  The  longer  test  duration  was  necessary  because  of  slower  deposit 
formation  at  low  temperatures.  At  450°F  (232'^C),  a  0.14  micron  deposit  thickness  was  only  attainable  at 
probe  5  (the  hot  spot  temperature).  A  longer  test  would  have  resulted  in  0.14  micron  deposit  thickness  at 
the  lower  probe  temperatures. 
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In  Table  3,  the  test  performed  on  FF-8  at  550°F  (288''C)  was  conducted  over  a  5-hour  period.  Because 
FF-8  was  a  higher  thermal  stability  fuel  than  FF-3,  a  16-hour  test  was  necessary  at  5(X)°F  (460°C)  to 
produce  deposit  thicknesses  of  0.14  microns  for  probes  1  through  5  at  the  lower  probe  temperatures.  A 
test  performed  at  450'^F  was  not  attempted  because  of  the  length  of  time  that  would  be  required  to  form 
sufficient  deposits  to  measure. 

3.3.2  Effect  Of  Fuel  Quality  And  Temperature  On  Deposition  Rate 

A  summary  of  the  data  for  the  three  test  fuels,  along  with  test  temperatures  and  test  times  is  shown  in 
Table  5.  The  summary  is  based  on  time  to  accumulate  0.14  micron  deposit  at  probe  5  (the  hot  spot).  The 
rate  deposition  to  first  maximum  was  compared  to  rate  of  deposition  over  the  entire  test  period.  Because 
of  the  limited  amount  of  data,  no  trends  were  evident  to  evaluate  the  effects  of  metal  surface  passivation 
or  initial  deposit  formation  on  subsequent  deposition  rates.  Table  5  was  used  to  assess  the  effect  of  fuel 
quality  and  temperature  on  deposition  rate  and  total  deposit  formed  over  the  5-hour  and  16-hour  test 
periods.  The  FOM-JFTOT  was  able  to  quantitatively  discriminate  between  fuels  of  varying  quality  as 
defined  by  known  thermal  stability  JFTOT  breakpoint  values.  Differentiation  between  fuels  was  evident 
at  ali  lest  temperatures;  the  lower  the  JFTOT  breakpoint,  the  less  lime  required  to  achieve  a  first  max 
(0. 14  micron  deposit  thickness). 

The  effect  of  temperature  was  easily  di.scemible:  as  temperature  increased  the  rate  of  deposition 
increased,  as  did  die  total  deposit  formed  over  the  total  test  period.  It  is  interesting  to  note  that  the  effect 
of  temperature  on  the  rates  of  deposition  for  FF-3  and  FF-8  was  considerably  less  than  that  for  NAPC  17. 
Based  on  time  to  first  max,  an  increa.se  in  temperature  from  5(X)°F  (260°C)  to  550°F  (288°C)  increased 
the  rale  of  deposition  for  FF-8  and  FF-3  by  a  factor  of  3  to  4.5,  while  NAPC  17  increased  by  a  factor  of 
11. 

3.3J  Repeatability  And  Reproducibility 

A  total  of  five  tests  were  performed  on  FF-3  at  550‘’F  (288°C)  to  make  a  preliminary  assessment  of  the 
repeatability  of  the  measurements.  Repeatability  was  good  as  shown  by  the  lime  required  to  reach  the 
first  maximum  for  probe  5  in  Table  6.  The  deposit  rates  were  essentially  the  same  for  all  five  tests.  As 
shown  in  Table  7,  excellent  agreement  was  shown  between  the  NAPC  and  the  P&W  laboratory  analyses 
of  FF-3  at  550°F  (288^''C).  This  table  compares  the  average  result  from  five  lest  runs  performed  on  FF-3 
at  P&W  to  that  of  a  single  run  performed  at  NAPC. 

3J.4  Activation  Energy  And  Fiber  Optic  Breakpoint  Temperature 

Using  the  P&W  FOM-JFTOT  software,  Arrhenius  plots  were  generated  and  activation  energies 
calculated  for  ih^'  NAPC  supplied  fuels.  Calculation  of  activation  energy  was  based  on  the  Arrhenius 
equation: 

(1)  k^Ae^-E-^T) 


where 

A  =  Preexponeniial  factor 

R  =  Universal  gas  constant  {0.f)01987  kcal/molc  Kelvin) 

E  =  Activation  energy 

(2)  In  k  =  -E/RT  -i-  In  A  (Equation  of  the  line:  y  =  mx  -i-  b) 
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0) 


slope  (m)  =  -E/R 


(4)  E  slope  /  1 .8  X  R 

where  1.8  converts  the  slope  from  Rankine  to  Kelvin.  E  is  kcal/mole. 

The  software  plots  the  EOM-JFTOT  data  in  the  form  of  the  log  of  the  reciprocal  of  lime  to  achieve  0.14 
micron  deposit  on  the  y  a.xis  versus  the  reciprocal  of  temperature  in  degrees  Rankine  on  the  x  axis.  For 
convenience,  degrees  F  arc  shown  on  the  x  axis  of  the  plots  even  though  scaling  and  calculations  were 
performed  in  degrees  Rankine,  This  was  done  for  ease  of  relating  to  the  temperatures  at  which  the  tests 
were  performed.  The  software  performs  a  least  .squares  linear  curve  fit  of  the  data  and  determines  the 
slope  of  the  line.  Activation  energy  (E)  is  then  calculated  using  equation  (4). 

Fiber  Optic  Breakpoint  temperature  (FOBP)  was  calculated  for  each  of  the  Navy  fuels.  The  concept  ol 
FOBP  temperature  provided  a  unique  method  for  rating  the  thermal  .stability  properties  of  the  lest  (ucis. 
FOBP  temperature  is  defined  as  the  temperature  required  to  achieve  a  first  max  (0.14  deposit  thickness) 
in  150  minutes.  FOBP  is  based  on  quantitative  data  derived  from  the  Arrhenius  equation  instead  ol  a 
visual  rating  system  such  as  described  in  ASTM  D.^241  JFTOT  procedure.  A  FOBP  can  be  obtained  in  a 
single  run  whereas  a  standard  JFTOT  breakpoint  requires  four  to  six  tests  in  order  to  define  breakjxrmi  to 
within  HFF.  Figure  7  shows  how  the  FOBP  can  be  determined  from  an  Arrhenius  plot.  FOBP 
temperature  can  be  calculated  using  a  derivation  of  the  Arrhenius  equation: 

FOBP  Temperature  (  F)  =  (absolute  value  of  the  slope  /  5.01  +  b)  -  460 

where 

5.01  =  absolute  value  of  In  1/150  minutes 
b  =  y  intercept 

-460  =  converts  degrees  Rankine  to  T  ( 'F  =  R  -  460) 


FOBP  temperatures  for  the  three  test  fuels  arc  shown  in  Table  8  along  with  standard  JFTOT  breakpoints, 
FOBPs  were  found  to  be  very  repeatable  and  ranked  the  fuels  m  the  same  order  as  the  JFTOT 
breakpoints.  FOBP  discriminated  between  the  two  470‘'F  (243'^C)  JFTOT  breakpoint  fuels.  The  higher 
breakpoint  temperatures  measured  by  the  FOM-JFTOT  are  probably  a  result  of  the  fact  that  0.14  micron 
deposit  corresponds  to  a  thicker  deposit  than  required  to  give  a  visual  rating  of  greater  than  .3.  NAPC  has 
done  work  which  shows  that  there  is  a  correlation  beiwecn  FOBP  and  JFTOT  breakjxtinl.  More  fuels 
need  to  be  characterized  to  establish  this  correlation. 

3.3.5  Arrhenius  Plots 

Among  the  criteria  used  to  assess  the  FOM-JFTOT  were  linearity  and  repeatability  of  data  Irom  tests 
performed  at  different  temperatures.  This  is  important  in  accurately  determining  the  rate  of  deposit 
formation  as  well  as  in  calculating  activation  energies  and  FOBP  temperatures,  since  they  arc  all 
dependent  on  the  slope  of  the  best  fit  line  through  these  data.  Figure  10  is  an  Arrhenius  plot  ol  data 
obtained  from  tests  conducted  at  550"F  (288-C)  for  5-hours,  5(K)"F  (26()'C)  for  5  hours,  and  450  F 
(232'^'C)  for  16  hours  on  the  FF-3  JP-5  fuel  sample.  Figure  1 1  is  a  similar  plot  for  the  FF-8  JP-5  sample 
showing  plotted  data  from  runs  performed  at  550  F  (288  C)  for  5  hours  and  5(X)  F  (260'^C)  for  16  hours. 
Data  at  450'  F  (232  C)  was  not  obtainable  over  a  16-hour  test  duration  due  to  the  higher  thermal  stability 
properties  of  the  FF-8  sample.  An  Arrhenius  plot  for  data  generated  on  the  NAPC  17  sample  at  550  F 
(288'T),  .5(X)  F  (260  C),  and  450  F  (232  C)  is  shown  in  Figure  12. 

In  Figure  10,  the  best  fit  line,  with  a  correlation  coeflicient  of  0.9967,  showed  an  excellent  fit  for  data 
from  three  scnaraie  lesis  and  from  probe*  at  different  temperatures  alort^  liic  iieaicr  tube,  3  his 


371 


plot  is  comprised  of  five  data  points  from  the  55()°F  (288-C)  le^l,  three  points  from  the  500°F  (260‘’L) 
test,  and  one  point  trom  the  450°F  (232X)  test.  Only  one  of  the  five  probes  from  the  450°F  (232°C)  test 
(the  one  legated  at  the  hot  spot)  had  achieved  a  0.14  micron  deposit  thickness  at  the  end  of  the  5-hour 
test.  The  probes  in  this  test  locatf’d  ‘ipstream  of  the  hot  spot  were  at  insufficient  temperatures  to  form 
deposits  within  the  allotted  test  time.  Similarly,  only  three  probes  produced  0.14  micron  deposit 
thickness  during  the  5-hour  test  at  500T  (260"C).  At  550“F  (288°C),  all  five  probes  w'cre  at  sufficient 
temperatures  for  form  dcptisits  within  the  allotted  tesi  period.  Figure  10  shows  the  rate  of  deposit  as 
linear  from  450" F  (2.32" C)  to  550''F  (288°C)  for  the  JP-5  fuel.  Figure  12,  on  the  other  hand,  appears  to 
indicate  a  rate  change  occurs  between  SSO'F  (260'^C)  and  550^F  (288'’C)  for  the  NAPC  17  diesel  fuel. 

Figures  13  and  14,  respectively,  are  Arrhenius  plots  of  all  data  points  produced  from  five  replicate  runs 
performed  on  FF-3  and  two  replicate  runs  on  NAPC  1 7  at  a  te.st  temperature  of  550"F  (288°C).  The  plots 
shows  not  only  the  repeatability  of  the  FOM-JFTOT  as  a  system  for  monitoring  real  time  deposit 
accumulation  but  also  the  ability  of  the  JFTOT  to  repeat  the  mechanism  of  deposit  formation.  Each  of 
the  FF-3  replicate  runs  were  plotted  separately  in  Figure  15  to  determine  variability  in  slope  and  the 
observed  effect  on  activation  energies  and  FOBP.  The  data  from  the  replicate  runs  were  extrapolated 
considerably  beyond  the  narrow  range  at  which  they  were  measured.  This  was  done  on  the  assumption 
that  Figure  10  was  correct  in  depicting  the  rate  of  deposit  as  linear  from  450'’F  (232X)  to  550^F  (288^C). 
While  variation  in  activation  energy  was  noted,  the  FOBP  for  the  five  replicate  runs  were  shown  to  agree 
within  7  degrees  F. 

The  Arrhenius  plot  shown  in  Figure  16,  used  FOM-JFTOT  data  to  compare  the  thermal  stability 
properties  of  the  three  Navy  fuels.  The  plot  was  generated  from  tests  conducted  at  550°F  (288''C),  5(X)"F 
(26(PC),  and  450T  (232‘’C).  The  FOM-JFTOT  provided  data  consistent  with  the  Arrhenius  theory  and 
the  known  thermal  stability  iicslory  of  the  fuel  samplc.s.  the  lower  JFTOT  breakpoint  fuels,  FF-3  and 
NAPC  17,  showed  signilicantly  greater  deposition  rates  than  did  the  higher  thermal  stability  FF-8  JP-5 
fuel.  As  temperature  increased,  the  time  required  to  accumulate  a  0,14  micron  deposit  thickness 
decreased.  The  FOBP  temperatures  ranked  the  three  fuels  in  good  agreement  with  that  of  the  JFTOT 
breakpoint  temperatures.  The  FOM-JFTOT  data  discriminated  between  the  two  different  470'^F  JFTOT 
breakpoint  fuels;  NAPC  17,  a  diesel  marine  fuel;  and  FF-3,  and  JP-5  fuel.  fT-8,  the  most  thermally 
juioie  of  liic  iucis,  wa.i  sliovvi.  to  have  the  uoiivatior.  cncig,^  at  25  kilocalories  }>cr  mole 

(kcal/molc).  The  lower  thermal  stability  fuels,  FF-3  and  NAPC  17,  exhibited  activation  energies  of  30 
and  33  kcal/mole,  respectively. 

3.3.6  Trace  Interpretation 

The  following  paragraphs  discuss  the  effect  ot  time  and  leinperaluu-  Oil  lIlC  UUv.'Cb  iO  and 

quantify  real  time  deposit  formation.  Discussion  is  directed  at  those  traces  selected  as  representative  of 
the  runs  performed  on  FF-8  and  FF-3.  FF-8  demonstrated  the  higher  thermal  stability  of  the  three  Navy 
fuels  with  a  JFTOT  breakpoint  temperature  of  5(XPF  (260'^C).  while  FF-3  and  NAPC  17  had  equivalent 
JFTOT  breakpoints  of  470°F  (243°C).  Figures  17,  18,  and  19  represent  three  separate  tests  performed  on 
FF-3  at  550°F  (288°C),  500^F  (26(rC),  and  45(FF  (232°C),  respectively.  The.sc  figures  show  the  effect 
of  time  and  temperature  on  deposit  formation  as  interpreted  by  the  FOM-JFTOT  traces.  In  Figure  17,  the 
attenuation  versus  time  trace  shows  well  defined  inflection  point  for  all  eight  probes  positioned  along  the 
healer  lube.  The  temperature  at  each  probe  position  is  shown  to  the  right  of  the  plot.  Each  maximum 
and  minimum  inflection  point  represents  0.14  micron  deposit  thickness.  These  are  additive  such  that 
counting  the  inHcction  points  yield  the  total  deposit  accumulation  over  the  total  lest  time.  The  general 
upward  slope  of  the  lines  indicates  that  the  deposit  is  absorbing  a  small  amount  of  light  with  time. 

The  time  to  first  maximum  inflection  point  (0.14  micron  deposit)  data  used  in  generating  the  Arrhenius 
plots  were  a  direct  consequence  of  the  data  available  from  these  traces.  Probes  yielding  meaningful  data 
were  those  which  were  at  sufficient  temperature  to  produce  a  well  defined  first  maximum  inflection  point 
(0.14  micron  deposit  thickness)  within  the  allotted  test  period.  At  a  lest  temperature  of  550°F  (288°C), 


372 


all  probes  were  ai  sulTicicni  temperatures  to  cause  between  three  to  thirteen  inflection  points,  depending 
on  the  specific  location  of  the  probe.  As  shown  by  the  trace,  the  higher  the  probe  temperature,  the  more 
numerous  the  inflection  points  and  the  greater  the  overall  deposit  thickness  at  the  conclusion  of  the  test. 
Since  the  three  probes  downstream  of  the  hot  spot  were  not  used  in  the  analysis  of  the  Navy  fuels,  five 
data  points  were  available  for  use  in  the  Arrhenius  plots. 

As  shown  in  Figure  18,  the  lower  test  temperature  resulted  in  lower  probes  temperatures  upsucam  of  the 
hot  spot.  At  these  lower  temperatures,  the  enure  5-hour  test  period  was  required  to  achieve  a  0.14  micron 
deposit  thickness  (first  maximum)  at  probe  numbers  3, 4,  and  5.  Based  on  the  thermal  stability  properties 
of  FF-3,  probe  numbers  1,  2,  and  3  were  at  insufficient  temperatures  to  attain  0.14  micron  deposit  within 
the  5-hour  test.  Because  the  sensitivity  limit  of  the  FOM-JFTOT  detection  system  is  0.14  microns, 
probes  1,  2,  and  3  would  have  required  additional  test  time  to  achieve  a  first  maximum  inOection  point. 
A  16-hour  test  at  500'T'  would  have  produced  tow  to  three  inflection  points  at  these  probes.  Three  data 
points,  those  yielded  by  probes  3, 4,  and  5,  were  obtained  from  this  trace  for  use  in  the  Arrhenius  plots. 

The  continued  reduction  in  amplitude  of  the  inncciion  points  with  decreasing  temperature  is  shown  in 
Figure  19.  This  test  performed  on  FF-3  at  45(f'F  (232''C)  produced  u.sable  data  only  at  the  hot  spot 
(probe  5).  All  probes  upstream  of  the  hot  spot  were  at  insufficient  temperature  to  form  a  minimum  0.14 
micron  deposit  thickness  within  a  16-hour  test  period. 

Traces  representauve  of  those  produced  during  tests  performed  on  FF-H  at  550^"F  (28()^C)  for  5  hours  and 
500°F  (260°C)  for  16  hours  are  shown  in  Figures  20  and  21.  Because  of  the  higher  thermal  stability 
properties  of  FF-8,  no  data  was  obtainable  at  a  test  temperature  of  450'T  (232'^C)  at  the  end  of  a  16-hour 
run.  FF-8  would  have  required  a  test  time  well  beyond  16  hours  to  achieve  a  deposit  thickness  of  0.14 
microns, 

3.4  EVALLATION  OF  A  P&W  JP-5 

During  the  course  of  this  investigation,  NAPC  reported  a  significant  limitation  of  the  FOM-JFTOT. 
While  the  FOM-JFTOT  had  been  used  successfully  at  NAPC  to  charactcri/e  poor  tlieimal  stability  fuels, 
critical  problems  were  encountered  when  attempting  to  charactcri/,c  fuels  exhibiting  gorxl  thermal 
stab-'iiy. 

At  P&W,  a  typical  JP-5  fuel  with  a  JFTOT  breakpoint  temperature  ol  530  F  {277°C)  was  selected  (or 
evaluation  to  confum  the  NAPC  findings.  A  FOM-JFTOT  run  was  performeti  on  the  P&W  JP-5  at  550  F 
(280°C)  for  5  hours.  The  resulting  trace,  shown  in  Figure  22,  indicated  deposit  formation  only  at  probe 
number  8,  downstream  of  the  hot  spot.  Inspection  of  the  heater  tube  levealcd  a  r.o.iumform,  narrev  ‘'■md 
of  deposit  of  approximately  17  millimeters  (mm)  in  width.  Three  deposit-free,  shiny-aluminum,  /ones 
ran  through  the  length  of  the  deposit.  The  onset  of  deposit  occurred  40  mm  up  from  the  inlet  end  of  the 
heater  tube.  This  was  downstream  of  probes  1  through  5  and  as  such  'he  trace  correctly  identified  no 
deposit  at  those  positions.  Probe  6,  7,  and  8  were  located  at  stations  which  should  have  detected  deposit 
formation.  As  shown  in  Figure  22.  probe  number  8  indicated  the  presence  of  deposit,  while  probes  6  and 
7  did  not.  It  IS  po.ssible,  however,  that  due  to  the  nonuniformity  of  deposit  around  the  circumference  of 
the  heater  tube,  probes  6  and  7  were  located  in  regions  where  no  deposit  was  formed. 

A  second  test  was  performed  on  the  P&W  JP-5  to  determine  if  an  increase  in  test  temperature  would 
result  in  a  wider  deposit  band  to  permit  detection  by  probe  number  5  located  at  the  hot  spot.  This  test 
was  conducted  at  575''''F  (302°C)  for  5  hours.  The  attenuation  vs  time  trace  which  resulted  from  this  test 
is  shown  m  Figure  23.  The  deposit  band  increased,  moving  in  the  direction  of  the  fuel  inlet,  such  that  the 
lower  band  of  the  deposit  was  in  the  region  where  probe  5  is  located.  However,  the  .same  nonuniformity 
of  deposit  formation  a'-'’"nd  the  circumference  of  the  heater  tube  was  experienced  as  in  the  former  test 
conducted  at  550  F  (288X).  The  FOM-JFTOT  trace  resulted  in  an  erratic  plot  of  attenuation  vs  time. 
No  meaningful  data  cou'd  be  realized  from  any  of  the  probes  monitored. 


Figure  24  is  a  photograph  of  the  heater  tubes  from  the  tests  performed  on  the  P&W  JP-5  fuel  at  55()'F 
(?8«'C)  and  575  F  (302  C j.  Also  shown  is  a  typical  heater  tube  from  tests  performed  on  the  three  Navy 
fuels.  It  was  suspected  that  the  FO  probes  and  special  test  section  contributed  to  the  nonunilorm  deposit 
by  creating  eddies  within  the  laminar  fuel  How  through  the  test  housing.  Heat  transfer  would  be  effected 
resulting  in  an  unequal  distribution  of  temperature  around  the  circumference  of  the  heater  tube.  This 
effect  would  be  more  apparent  on  thermally  stable  fuels,  laying  down  thin  films,  than  it  would  on  ptxirer 
thermal  stability  fuels  which  pnxluce  heavy  depr'sit  layers.  A  subsequent  test  on  the  same  fuel,  using  a 
suindard  JFTOT  test  section  w  ith  no  probes,  produced  a  similar  nonuniform  deposit. 


SECTION  4.0 

(  ON(  LI  SIONS  AND  RECOMMENDATIONS 

4.1  STRENfiTHS  AND  POTENTIAL 

•  The  FffM  JFTOT  represents  a  significant  step  forward  in  bridging  the  gap  between  qualitative  gomo 
go  type  JF'IOT  tests  and  quantitative  JFTOT  data  that  can  be  used  to  characteri/e  fuels  nd  generate  real 
time  rate  data.  II  successfully  developed,  the  FOM-JFIOT  could  provide  a  means  lor  getting  the  most 
out  of  the  daui  available  from  a  standard  accepted  test  method.  It  would  provide  an  inexpensive, 
short-tenn  test  that  could  bo  used  to  evaluate  research  quantities  of  fuel  as  well  as  qualify  fuel  system 
additises.  .-Mtcr  esaluaiion  and  selection  of  the  most  promising  fuel/additive  candidates,  the  more  costly 
fuel  system  simulators,  requiring  hundreds  or  thousands  of  gallons  of  fuel,  could  be  employed. 

•  The  concept  of  FOBP  provides  a  quantitative  approach  to  ranking  the  thermal  stability  propenies  of  jet 
fuels,  eliminating  much  of  the  subjectivity  associated  with  visual  JFTOJ  breakpoint  determinations. 
Because  FOBP  temperature  can  be  obtained  in  a  single  run,  the  approach  is  significantly  less  labor 
intensive  than  JFTOT  breakpoint  determinations  which  required  four  to  six  runs,  FOBP  temperatures 
were  show  n  to  be  very  repeatable. 

•  In  the  evaluation  ol  three  Navy  supplied  fuels,  the  FOM-JFTOT  was  successlully  used  to  as.sess  the 
eflect  of  temperature  and  fuel  quality  on  time  to  accumulate  a  0.14  micron  deposit  thickness.  The 
f-OM-JF'TOr  was  able  to  discriminate  quantitatively  between  the  luels  which  varied  m  quality  as  defined 
by  known  thermal  stability  JFTOT  brcakfximt  values, 

•  Repeauibility  ol  the  rOM-JFT'OJ  data,  within  the  P&W  laboratory,  and  rcprtxJucibility  between  the 
N.AK'  and  P&W  laboratories  was  found  to  be  excellent. 

•  .Arrhenius  plots  generated  from  the  FOM-JFTOT  data  were  consistent  with  the  known  thermal  .stability 
properties  ol  the  test  fuels.  The  lower  JFTOT  breakpoint  fuels  showed  significantly  greater  deposition 
rates  than  did  the  higher  thermal  stability  fuel.  As  temperature  increased,  the  time  required  to 
accumulate  a  0.14  micron  deposit  thickness  decreased.  Slopes,  activation  energies,  and  FOBP 
temperatures  derived  Ironi  the  Arrhenius  equation,  ranked  the  three  fuels  m  good  agreement  with  that  of 
the  JFTOT  breakpoint  temperatures. 

4.2  LIMITATIONS 

•  Sensiuvity  is  limited  to  0.14  micron  deposit  thickness.  Due  to  the  light  source  and  detectors  used, 
only  deposits  equating  to  a  JFTOT  visual  code  of  4  or  greater  can  be  charactcri/.cd.  This  limitation 
severely  restricts  the  usefulness  ol  the  F'OM  JFFOl.  The  fOM-FFTOF  is  restricted  to  fuels  and  test 
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conditions  which  are  conducive  to  deposit  formation,  t.c.,  p(X)r  thermal  stability  fuels  and  optimum  test 
temperatures. 

•  A  good  thermal  stability  P&W  JP-5  fuel  tested  at  55{)"’F  (288"'C)  and  57.ST  (?i02“C)  prixluced  a 
nonuniform  deposit  around  the  circumference  of  the  heater  tube.  It  Is  suspected  that  other  thermally 
stable  fuels  may  exhibit  a  similar  anomaly. 

4J  DEVELOPMENT  NEEDS 

This  investigation  fcKuscd  on  as,sessing  the  merit  of  the  FOM-JFTOT  system  of  measurement  with  little 
effort  directed  at  method  development,  other  than  resolving  some  immediate  software  problems  and 
probe  durability  problems.  Development  efforts  should  be  prionti/.cd  into  mtxlifying  the  FOM-JFTOT 
system  to  measure  thinner  tube  deposits  (0.07  microns)  to  permit  characterization  of  more  thermally 
stable  fuels,  and  investigating  the  cause  of  nonuniform  deposit  bands. 
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Figure  I .  Jet  Fuel  Thermal  Oxidation  Tester 
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CONFIGURATION  OF  FIBER  OPTIC  JFTOT 


i:  Geo-Centers, 


TABLE  1 

TEMPERATURE  PROFILE  OF  ALUMINUM  TUBES 
CORRESPONDING  TO  FOM-JFTOT  PROBES 
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NOTE:  TEMPERATURE  PROFILES  ARE  FROM  ASTN  03241.  TABLE  A4.I 
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Figure  4.  Real  Time  CRl 


FIBER  OPTIC  JFTOT  THEORY 


FIBER  OPTIC  JFTOT 


Figure  6.  Effect  of  Film  Thickness  On  Reflected  Light 
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TABLE  2 

FE-3  JP-5  (470°F  BP)  TEST  DATA  -  ALL  RUNS 
IIfl£  IQ  ACHIEVE  151  flflil  (e.Uu  DEPOSIT) 
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TABLE  3 

NAPC  17  DEM  (470'>F  BP)  TEST  DATA  -  ALL  RUNS 
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TABLE  4 

FF-8  JP-5  (SOO’F  BP)  TEST  DATA  -  ALL  RUNS 
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TABLE  5 

SI  MMaRY  of  FIBFR  OPTIC  JFTOT  TEST  RESULTS 
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FF-3  (JP-5)  2  ^50  m  738.3  .  0.19  0.20  0.185 


TABLE  6 

repeatability  of  fiber  optic  jftot  test 
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TABLE  7 

REPRODUCIBILITY  OF  FIBER  OPTIC  JFTOT  TEST  RESULTS 
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FIBER  OPTIC  BREAK  POINT  TEMPERATURE 
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Figure  9.  Fiber  Optic  Break  Point  Temperature 
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TABLE  8 

NEED  FOR  CORRELATING  FIBER  OPTIC  AND  JFTOT  BREAK  POINT 


JFTOT  BP  temp 
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Figure  10.  Arrhenius  Plot  for  FF-3  JP-5 


393 


FOM-dFTOT  ARRHENIUS  PLOT 
)  0.14  MICRON  DEPOSIT  THICKNESS 


TTTrrffVV'i’VVV'PV'fTT'ff'f 


Figure  II.  Arrhenius  Plot  for  FF-8  JP-5 
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Figure  12.  Arrhenius 
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Figure  14.  Arrhenius  Plot  for  NAPC  17  (DFM)  -  All  Runs 
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Figure  /5.  Repeatahility  of  Fiber  Optic  Bre 
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Point  Derived  From  Arrhenius  Plot 
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Figure  16.  Fiber  Optic  Break  Point  Derived  from  Arrhenius  Plot  For  Three  Fuels 
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Figure  22.  Real  Time  Display  ofinlerferogram  for  P&W  JP-5  al  550'"F  I esi  I emperalure 


Figure  23.  Real  Time  Display  oflnterferogram  for  P&W  JP-5  at  575°F  Test  Temperature 
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Figure  24.  FOM-JFTOT  Heater  Tube  Deposits 
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THERMAL  OXIDATION  CLOSED  CELL  EXPERIMENTS 


Period  of  Performance 

22  March  1989  through  22  March  1990 

Reference 

Task  order  No.  16,  Topical  Report  12,  rai9032-12,  William  Edwards 
Abstract 

Closed  lest  cells  were  designed  and  fabricated  to  assess  the  role  of  metallurgy  in  the  fuel  thermal 
oxidative  deposition  process.  Any  differences  in  deposition  rates  observed  were  investigated  to 
determine  whether  a  catalytic  process  was  involved  or  whether  differences  were  due  to  the  affinity  of 
deposits  to  adhere  to  a  specific  metal  surface.  In  the  static  tests  performed  under  this  investigation, 
significantly  lower  levels  of  fuel  degradation  products  were  produced  than  reported  in  literature  for 
dynamic  flowing  fuel  lest  rigs.  Repeatability  was  not  as  good  as  desired.  Based  on  the  amounts  of 
filterable  and  tube  wall  carbon  obtained,  calculated  activation  energies,  total  carbon/total  volume,  and 
total  wall  carbon/total  carbon  ratios  for  each  cell  type,  there  appeared  to  be  a  difference  between  stainless 
steel  and  aluminum  catalytic  properties.  These  differences  are  most  likely  mechanistic  in  nature. 
However,  the  data  does  not  allow  the  determination  of  which  metallurgy  is  more  catalytic.  Any  future 
effort  using  a  static  closed  lest  cell  approach  will  require  further  development  in  reactor  design  and  a 
revie  v  of  equipment  and  techniques  available  for  providing  rapid  heat  up  to  isothermal  conditions. 


SECTION  1.0 
INTRODUCTION 

A  data  base  is  needed  for  the  development  and  calibration  of  a  computational  fluid  dynamics  and 
chemisu-y  (CFDC)  model  for  application  to  the  thermal  oxidative  deposition  of  jet  fuels.  Generation  of 
such  a  data  base  will  require  the  performance  of  some  simple  thermal  stability  experiments  conducted 
under  precisely  controlled  conditions.  One  of  the  fundamental  issues  to  be  addressed  is  the  role  of 
different  metallurgies  on  the  deposition  process. 

Recent  studies  performed  at  Shell  Research  Ltd.  using  the  Jet  Fuel  Thermal  Oxidation  Tester  (JFTOT) 
indicated  that  metallurgy  was  significant  at  low  levels  of  deposition.  However,  at  higher  levels  of 
deposition,  different  metallurgies  produced  similar  results  presumably  because  lacquer  was  being 
deposited  on  a  lacquered  surface.  While  differences  between  metallurgies  are  clearly  discemable  under 
certain  conditions,  it  is  not  evident  that  the  metal  surface  actually  serves  to  catalyze  the  formation  of  bulk 
fuel  insolubles,  or  whether  the  increase  in  deposition  is  a  function  of  existing  insolubles  having  a  greater 
affinity  for  a  specific  metallurgy. 
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SECTION  2.0 


EXPERIMENTAL 


Closed  lest  cells  were  designed  and  fabricated  to  assess  the  role  of  metallurgy  in  the  fuel  thermal 
oxidative  deposition  process.  These  lest  cells  were  used  to  determine  the  effect  of  different  metallurgies 
on  deposition  rates.  Any  differences  in  deposition  rates  observed  were  investigated  to  determine  whether 
a  catalytic  process  was  involved  or  whether  differences  were  due  to  the  affinity  of  deposits  to  adhere  to  a 
specific  metal  surface.  The  role  of  test  fuel  chemical  composition  was  not  considered. 

2.1  MATERIALS 

The  Thermal  Oxidation  Closed  Cells  (TOCC)  were  constructed  of  type  304  stainless  steel  (SS)  and 
aluminum  (Al).  Chromatography  grade  tubing  was  used  to  minimize  variations  in  tubing  internal  surface 
conditions.  Two  sizes,  Vg"  and  Vig"  O.D.  of  each  tubing  type  were  fabricated  in  4"  lengths.  The  smallest 
I.D.  of  these  tubes  was  the  Al  ^/j^"  size  which  was  0.128  inches.  l.D.’s  smaller  than  this  were  considered 
too  small  for  efficient  oxygen  flow  and  carbon  combustion  during  carbon  bum-off  analysis.  SS  and  Al 
Swagelok  end-cap  fittings  were  used,  as  appropriate,  to  terminate  the  ends  of  each  TOCC. 

Elemental  analysis  was  performed  on  the  tubing  internal  surfaces  to  verify  that  in  fact  type  304  SS  and 
high  aluminum  tubing  was  obtained.  No  anomalies  were  reported. 

The  TOCC's  were  cleaned  in  a  commercially  available  degreaser  called  Blue  Gold  (available  from  the 
Blue  Gold  Company,  Highland,  Ohio)  with  1200  watts  ultrasonic  agitation  for  10  minutes.  The  solution 
concentration  was  10%  by  volume.  Blue  Gold  is  water  based,  halogen  free  and  non-toxic.  The  Blue 
Gold/ultrasonic  cleaning  was  followed  by  thorough  rinsing  with  12-mcgaohm  ulu’a  pure  water.  The  parts 
were  then  acetone  rinsed  and  GN2  dried.  This  procedure  produced  low  carbon  analysis  results  and  proved 

to  be  very  repeatable. 

The  test  fuel  was  Mil-T-83133  C,  JP-8,  containing  no  metal  deactivator.  The  fuel  was  stored  in  an  epoxy 
lined  5-galion  can  in  the  laboratory  to  minimize  compositional  changes  during  the  testing  period. 

2.2  INSTRUMENTATION 

A  heated  aluminum  block  with  four  2.5"  by  12"  vertical  wells  was  used  to  provide  uniform  healing  of  the 
TOCC's.  Temperature  control  precision  was  ±  1°F.  Temperature  disu-ibution  within  the  wells  was  less 
than  ±  4°F,  after  equilibration.  The  top  3"  of  each  well  was  insulated  with  glass  wool  to  help  maintain 
uniform  temperatures  within  each  well. 

Carbon  analyses  were  carried  out  using  a  LECO  RC412  Mullipha.se  Carbon/  Hydrogen/  Moisture 
Deierminator  Model  787-900-300.  The  carbonaceous  deposits  were  "burned  off  in  a  quartz  tube  furnace 
with  a  flowing  oxygen  atmosphere.  The  temperature  was  raised  at  270°F  (150°C)  per  minute  to  1022°F 
(550°C)  and  held  for  3  minutes.  All  organic  carbon  was  converted  to  CO  and  CO2.  The  RC412 
catalytically  converts  the  CO  to  CO2  and  the  total  CO2  is  quantified  by  infrared  detection.  Results  were 
calculated  in  milligrams/square  fool.  Calib-mtion  was  done  using  LECO  and  NBS  SRM  carbon  standards. 

2.3  TECHNIQUES 

The  TOCC's  were  prepared  just  prior  to  thermal  stressing  as  outlined  above.  Each  TOCC  was  filled  to 
50%  of  Its  internal  volume  with  test  fuel  and  the  end-caps  sealed.  Procedures  recommended  by  Swagelok 
for  selling  the  fittings  were  strictly  followed  for  each  TOCC.  They  were  then  labeled  with  an  aluminum 
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tag  lo  maintain  identification,  rinsed  with  isopropanol  and  acetone  to  remove  finger  prints  and 
contamination,  dried  with  GN2  and  placed  in  the  heated  aluminum  block.  At  the  end  of  the  two  hour 

thermal  stress  period,  they  were  removed  and  allowed  to  cool  to  room  temperature.  Water  quenching,  to 
rapidly  stop  the  thermal  process,  was  evaluated,  but  was  found  to  cause  severe  leaks  in  nearly  every 
■nstance  in  both  'he  SS  and  A1  TOCC's. 

Each  TOCC  was  then  opened,  one  at  a  time,  and  the  fuel  vacuum  filtered  through  a  1.0  micron  glass  fiber 
filter  (Gclman  Type  A/E).  The  filters  and  tubes  were  rinsed  with  three  10-milliliter  (mL)  portions  of 
hexane.  The  vacuum  was  continued  until  all  visible  hexane  was  removed  (10  lo  15  seconds).  The  filters 
were  then  dried  in  a  212°F  (100°C)  convection  oven  for  15  minutes.  After  drying,  the  fillers  were  put 
into  50  mm  plastic  peiri  dish  type  containers  and  placed  in  a  desiccator  until  analyzed.  Following  a 
hexane  wash,  the  TOCC  tubes  were  oven  dried  and  stored  in  ceramic  dishes  with  covers  in  a  desiccator 
until  analyzed.  All  carbon  analyses  were  performed  within  24  hours  with  most  completed  within  8  hours 
of  thermal  stress  period  completion. 

Glass  fiber  type  filters  were  necessary  for  carbon  analysis  because  other  types,  while  having  smaller  pore 
sizes,  contain  carbon  and  either  detonate  and/or  liberate  fluorine  during  analysis.  This  can  damage  the 
quartz  combustion  lube  of  the  analyzer.  The  Gelman  type  A/E  fillers  are  thicker  than  the  other  filters  and, 
at  reduced  filtration  rates,  this  increases  its  retenliveness  somewhat  beyond  the  1 .0  micron  nominal  value. 
It  should  be  noted  that  techniques  arc  available  to  allow  the  use  of  the  other  type  filters.  However,  the 
increa-'^d  probability  of  varying  filter  carbon  content,  and  possible  contamination  due  to  the  increased 
materials  and  handling  that  would  be  required,  made  these  filters  and  techniques  undesirable  for  this 
work. 

The  RC412  was  calibrated  with  LECO  part  #  502-029,  1.07%  ±  0.03%  by  weight  Synthetic  Carbon 
standard.  The  accuracy  of  this  calibration  was  checked  using  NBS  SRM  112b  Silicon  Carbide  with  a 
certified  free  carbon  content  of  0.26%  ±  0.03%  by  weight. 

The  temperature  ramp  program  from  212°F  (100°C)  to  1022°F  (550°C)  at  the  rate  of  270°F  (150'^C)  per 
minute  was  used  for  all  analyses.  This  program  was  chosen  after  trial  runs  indicated  that  all  fuel 
deposited  carbon  was  removed  under  these  conditions.  Additionally,  it  was  necessary  to  stay  below  the 
.softening  temperature  of  the  A1  tubing  to  prevent  interstitial  carbon  from  being  included  in  the  analysis 
result. 

2.4  PROCEDURE  DEVELOPMENT 

Initial  efforts  involved  establishing  lest  temperatures  and  limes.  TCXTC  test  sets  consisting  of  three 
TOCC's  containing  fuel  plus  one  blank  TOCC  were  used  for  determining  optimum  conditions. 

Leakage  of  both  SS  and  Al  TOCC's  and  rupture  of  the  A1  3/8"  TOCC  was  experienced  over  the 
temperature  range  of  300‘^F  (149^C)  to  700°F  (371°C)  within  30  minutes  of  healing  when  the  TOCC's 
were  filled  with  fuel.  Expansion  of  the  fuel  and  deformation  of  the  Al  tubing  was  determined  to  be  the 
cau.se  of  these  problems.  The  ANSI  Code  for  pres.sure  piping,  ASME/ANSI  B31.3,  reports  that  the  rated 
pressure  capabilities  for  tubing  must  be  reduced  as  use  temperatures  increase.  When  temperatures 
increase  from  200°F  (93.3°C)  to  400°F  (204.4°C),  the  aluminum  alloy  6061-T6  reduction  factor  is  0.4 
and  for  type  304  SS  it  is  0.93.  This  means  that  type  6061 -T6  Al  loses  60%  of  its  strength  over  this 
temperature  range.  The  type  304  SS  would  lose  only  7%. 

Further  testing  showed  that  by  reducing  the  fuel  volume  lo  50%  of  the  TOCC  internal  volume,  bursting 
of  the  Al  Vg "  TOCC  was  eliminated  and  leakage  was  reduced  for  the  other  TOCC  types.  Fuel  leaks  were 
detected  by  observing  a  change  in  the  appearance  of  the  TOCC's.  A  color  change  from  the  original 
silvery  color  to  that  of  an  amber  or  brown  was  typical  of  fuel  leakage  and  deposition  on  the  outside  of  the 
TOCC. 


A  major  cause  of  leakage  was  found  lo  be  ferrule  galling  during  assembly  of  the  TOCC's.  Galling 
prevented  the  tube  and  ferrules  from  seating  properly  in  the  end-cap.  A  lubricant  is  applied  by  the 
manufacturer  to  the  nut,  ferrule,  and  end  cap  threads  to  prevent  galling.  However,  this  lubricant  was 
removed  when  die  t/uno  were  cie<uieu  tO  eliminate  contamination  prioi  lo  assenioiy  for  testing.  Cleaning 
after  seating  of  the  ferrules  improved  sealing,  but  the  end-caps  still  galled  on  the  ferrules  making  removal 
without  fuel  loss  very  difficult.  In  addition,  blank  carbon  values  were  higher  and  not  repeatable. 

Fuel  leaks  seemed  to  be  eliminated,  for  the  most  part,  by  both  reducing  the  test  temperature  range  and 
using  SS  nuts,  end-caps  and  aluminum  ferrules  instead  of  SS  ferrules.  The  A1  nuts  and  ferrules  galled  so 
badly  that  they  could  not  be  removed  without  significant  loss  of  test  fuel.  The  softer  aluminum  ferrules 
used  with  SS  nuts  and  end-caps  were  found  to  provide  a  better  seal  with  minimal  galling  than  SS  ferrules 
even  on  the  A1  tubes.  In  order  to  prevent  the  test  fuel  from  contacting  the  SS  end-caps  used  on  the  A1 
TOCC's,  A1  disks  were  made  to  fit  over  the  end  of  the  large  and  small  A1  tubes.  When  the  end-cap 
fittings  were  tightened,  these  disks  were  pressed  onto  the  tube  ends,  thus  preventing  the  fuel  from 
contacting  the  SS  end-cap.  TOCC  rejection  was  based  upon  a  TOCC  color  change  from  silver  to 
amberA)rown.  This  color  change  was  taken  to  indicate  leakage  of  a  TOCC  and  the  test  set  was  discarded 
and  a  new  run  made. 

A  500°P  (260°C)  SS  Vg "  TOCC  test  was  performed  with  sampling  at  2,  4,  6  and  8  hour  periods.  A  fifth 
set  was  allowed  to  run  for  96  hours  (4  days).  Total  carbon  values  for  the  5  tests  were  not  greater  than  the 
2-hour  test.  Since  these  were  run  in  triplicate  and  no  sign  of  leakage  was  evident,  it  was  felt  that  these 
results  were  valid.  In  a  study  conducted  by  United  Technologies  Research  Center  (UTRC)  for  NASA 
entided  "Experimental  Study  of  the  Thermal  Stability  of  Hydrocarbon  Fuels”,  P.J.  Marteney,  et.  al. 
reported  similar  results  using  similar  SS  "static  reactors".  Fuel  fouling  tests  were  performed  at 
temperatures  of  300°F  (149°C)  to  800°F  (427°C)  with  regular  diesel  fuel  for  periods  of  30  minutes  to  2.5 
hours.  These  tests  resulted  in  lower  fuel  deposition  than  was  observed  in  a  dynamic  flowing  fuel  test 
apparatus  under  similar  conditions.  This  was  thought  to  be  indicative  of  the  importance  of  fluid  transport 
in  the  deposition  mechanism.  It  is  probable  that  in  the  present  study,  the  fixed  fuel  and  air  volumes  are 
also  limiting  factors  to  the  amount  of  deposition.  The  UTRC  researchers  also  reported  problems 
involving  leakage  and  contamination  daring  the  course  of  their  static  reactor  experiments. 

TOCC  experiments  were  conducted  at  50()°F  (260'’C)  for  1,  2  and  4  hour  periods  to  confirm  the  2-hour 
optimum  test  period  established  in  the  first  tests.  The  l-hour  test  showed  extremely  low  carbon  values 
and  there  was  poor  agreement  between  the  TOCC  set  individual  tubes.  Presumably,  this  represents  the 
"induction  period  "  for  deposit  formation  under  these  test  conditions.  The  2  and  4-hour  tests  produced 
essentially  the  same  amount  of  carbon.  Therefore,  2  hours  was  chosen  as  the  standard  test  time  period  for 
this  study. 

In  the  final  tests  performed,  JP-8  fuel  was  aerated  with  a  diffusion  stone  just  prior  to  being  volumctrically 
added  to  the  TOCC's.  The  TOCC's  were  filled  to  50%  of  their  volumes  with  the  test  fuel.  Thermal 
stressing  was  conducted  every  50°F  (27.8°C)  from  3tXl'’F  (149°C)  to  500°F  (260°C)  for  2  hours.  TOCC 
sets  of  each  tubing  type  and  size  consisted  of  three  cells  with  fuel,  plus  one  empty  cell  to  serve  as  the  set 
blank. 

2.5  DATA  ANALYSIS 

All  raw  filler  and  TOCC  lube  carbon  data  were  corrected  for  blank  carbon  values  and  then  normalized  lo 
yield  uniform  units  of  mg/mL/sq.ft./hr.  This  was  designated  Data  Set  1  and  was  comprised  of  three 
groups:  Total  Filterable  Carbon  (TFC),  Tube  Wall  Carbon  (TWC)  and  Total  Carbon  (TC).  TC  is  the  sum 
of  the  TFC  and  the  TWC. 
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Data  Set  ’  carbon  values  were  averaged  to  provide  a  single  "smoothed "  point  at  each  temperature  for 
each  TOCC  type.  This  was  designated  Data  Set  2.  Data  Sets  1  and  2  were  then  analyzed  using  leact 
squares  linear  regression  and  Arrhenius  equation  analyses.  The  linear  form  of  the  Arrhenius  equation  was 
used: 

-  -LaJL  /  i  -r  ill  A 

where:  k  =  Reaction  product  measured  (i.e.  carbon) 

Ea  =  Energy  of  Activation,  kcal/mole 

R  =  Universal  Gas  Constant,  1.987  kcal/mole 

T  =  Temperature  in  degrees  Kelvin  (K) 

A  =  Preexponential  factor  (characteristic  reaction  constant) 

TFC  and  TC  activation  energies  and  line  fit  statistical  information  were  calculated  and  graphical 
representations  made  for  each  TOCC  type. 


SECTION  3.0 

RESULTS  AND  DISCUSSION 


Approximately  six  TOCC  sets  were  run  per  temperature  per  TOCC  type,  except  for  the  A1  V15"  type 
which  had  a  severe  leakage  problem.  Approximately  10  runs  were  made  with  it.  Over  500  TOCC's  were 
assembled  and  thermally  stressed.  Not  all  were  analyzed  for  carbon  because  leakage  was  evident  and 
they  were  discarded.  Reuse  was  not  possible.  This  reduced  the  number  of  usable  TOCC  sets  to  a  great 
extent.  There  were  instances  where  it  was  not  clear  whether  leakage  had  actually  occurred  or  not, 
e.specially  at  the  450°F  and  500°F  temperatures.  Vaporization  could  have  been  such  that  the  vapors 
simply  moved  away  from  the  TOCC's,  without  forming  the  telltale  deposits  on  the  outside  of  the  cells. 

Data  Sets  1  and  2  TFC,  TWC  and  TC  values  in  mg/mL/sq.fl./hr  are  summarized  in  Tables  1  and  2, 
respectively. 

3.1  TOTAL  CARBON 

Figures  1  through  4  are  plots  of  Data  Set  1  Total  Carbon  (TC)  values  for  SS  ^/g",  A1  Vg",  SS  and  A1 
Vig"  TOCC's,  respectively.  Activation  energies  in  kcal/mole  are  given  in  the  legends.  These  are  quite 
low  compared  to  the  8  to  12  kcal/mole  generally  reported  in  the  literature  for  the  below  500°F  (260°C) 
temperature  region.  However,  the  literature  values  represent  flowing  fuel  test  conditions  and  are  probably 
higher  due  to  the  greater  fluid  transport  and  lower  fuel  residence  lime  inherent  to  that  type  of  test 
apparatus. 

Figure  5  is  a  TC  composite  plot  of  all  four  TOCC  types  using  Data  Set  2  values.  This  plot  shows  the 
relationship  of  A1  and  SS  TOCC  of  different  sizes  in  a  less  cluttered  manner.  The  activation  energies  (Ea) 
arc  given  in  the  legend. 
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In  general,  the  data  has  quite  a  bit  of  scatter  for  all  four  TOCC  types.  The  use  of  A1  ferrules  may  have 
solved  the  galling  related  leakage,  but  because  of  aluminum's  lower  hardness,  as  compared  to  SS,  small 
lube  surface  scratches  and  imperfections  may  not  have  been  "coined  out "  as  well.  These  would  be  sites 
for  leakage  and/or  hidden  fuel  deposits.  One  other  consideration  is  the  fact  that  Swagelok  fittings 
fnnriion  hy  -rompression  fit  cf  the  tv."'  part  ferrule  z.yz'.~~  u;  the  lul/C.  !n  the  case  of  A1  tubing,  this  force 
(especially  at  elevated  temperatures)  could  deform  the  tubing  and  allow  fuel  to  escape.  This  was 
consideed  in  the  design  stage  of  the  TOCC’s.  The  thickest  walled  tubing  available  in  chromatography 
grades  was  obtained  in  an  effort  to  prevent  this  problem. 
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TABLE  2. 

NORMALIZED  AND  AVERAGED  CARBON  VALUES 

1  TOCC  Type 

300*F 

350‘F 

400*F 

450*F 

500’F 

1  SS  3/8" 

TFC 

0.43 

0.62 

0.79 

0.82 

0.53 

1 

TWe 

1.18 

2.58 

3.07 

2.30 

2.73 

1 

TC 

1.61 

3.19 

3.86 

3.12 

3.26 

A1  3/8" 

TFC 

0.45 

0.62 

0.64 

0.55 

0.52 

TWe 

1.04 

1.05 

1.83 

1.53 

1.50 

TC 

1.49 

1.67 

2.45 

2.08 

2.01 

SS  3/16" 

TFC 

2.01 

2.53 

2.60 

4.87 

2.47 

TWe 

8.38 

9.05 

9.29 

9.42 

12.80 

j 

TC 

10.39 

11.58 

11.89 

14.29 

15.2/ 

1  A1  3/16" 

TFC 

2.80 

4.14 

3.69 

7.16 

2.80 

1 

TWe 

23.05 

15.11 

12.53 

8.45 

3.47 

1 

TC 

25.85 

19.25 

16.22 

15.61 

6.27 

1  Note:  TFC 

=  Total 

Filterable 

Carbon 

TWe  = 

Total  Wall 

Carbon 

I 

=  Total 

Carbon  =  TFC  +  Twe 

_ _ J 

The  Ea  values  of  the  averaged  data  in  Data  Set  2  arc  reduced  as  compared  to  the  Data  Set  1  values 
(una'.craged  data).  However,  the  statistical  data  for  each  TOCC  is  generally  improved.  Tabic  .3 
summarizes  the  standard  deviation  (SD),  standard  error  of  the  estimate  (SEE),  goodness  of  the  fit  (R)  and 
the  Ea  values  calculated  for  Data  Sets  1  (DS  1)  and  2  (DS  2)  TC  data. 


TABLE  3. 

DATA  SETS  1  k  2  STATISTICAL  ANALYSIS  AMD 
ACTIVATim  ENERGIES  (Ea)  FOR  TOTAL  CARBON 


B 

SS 
DS  1 

3/8" 

DS  2 

— 

A1 
DS  1 

3/8" 

DS  2 

SS 
DS  1 

3/16" 

DS  2 

A1 

DS  1 

— 

3/16" 

DS  2 

SD 

0.46 

0,34 

0.30 

0.20 

0.34 

0.16 

0.50 

0.53 

SEE 

0.14 

0.15 

0.09 

0.09 

0.10 

0.07 

0.14 

0.24 

R 

0.62 

0,71 

0.52 

0.71 

0.46 

0.97 

0,63 

0.88 

Ea 

1 

3.30 

2.43 

1.90 

1.42 

1.83 

1.59 

-3,71 

-  4.79 

It  would  appear  that  as  temperature  increased,  leakage  of  the  small  A1  TOCC  became  worse  and  since 
more  fuel  would  boil  and  vaporize,  more  was  lost.  If  this  were  the  case,  then  the  very  high  carbon  values 
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oblaincd  al  ihe  lower  temperatures  could  have  resulted  from  a  greater  amount  of  the  escaping  fuel  coking 
on  the  ferrules  or  other  difficult  place  to  observe.  Outside  the  TOCC  more  oxygen  w'ould  be  available  to 
encourage  coking.  Then,  as  test  temperatures  were  increa.scd  for  succeeding  Al  '/,6"  TOCC  sets, 
vaporization  pressures  would  increase  and  thus  leakage  rates  (and  velocities)  would  also  incrca.se.  The 
rncreased  velocities  would  tend  to  carry  the  vaporized  fuel  away  from  the  TOCC's  and  result  in  the  lower 
carbon  values  obtained. 

In  spite  of  the  problems  experienced  with  the  smaller  I.D.  Al  TOCC's,  the  differences  in  TC  between  the 
large  and  small  tube  sizes  arc  readily  apparent  as  shown  in  Figures  6  and  7.  Both  SS  and  Al  appear  to  be 
catalytic  because  more  carbon  was  obtained  in  the  small  TOCC’s  as  compared  to  the  large  TOCC's. 
Since  the  larger  surface  area  to  volume  ratio  diminishes  the  effect  of  mass  tran.sport,  the  presence  of 
catalytic  activity  is  inferred. 

Catalysis  is  classically  assiKialed  with  a  change  in  reaction  rate.  It  can  be  either  slower  (negative 
catalyst)  or  faster  (positive  catalyst),  but  the  reaction(s)  final  equilibrium  and  thus  the  amount  of  product 
obtained  is  not  affected.  Only  the  speed  at  which  that  equilibrium  is  reached  is  changed.  Ea  values  are 
lowered  as  a  result  of  positive  catalysis. 

Catalysts  function  by  increasing  the  rate  of  one  or  more  steps  in  a  reaction  mechanism  by  opening  a 
reaction  path  having  a  lower  activation  energy.  The  reaction  path  is  opened  when  a  molecule  or  group  of 
molecules  gain  enough  energy  to  form  activated  complexes.  The  number  of  possible  reactions  and  thus 
reaction  steps  that  a  cataly  st  may  be  able  to  activate,  in  a  mixture  like  jet  fuels,  becomes  theoretically 
enormous.  It  follows  then  that  the  final  amount  of  deposit  carbon  formed  for  different  catalysts  will  most 
likely  be  different.  Put  another  way,  in  complex  mixtures  different  catalysts,  depending  upon  the 
particular  catalyst  s  functional  mechanism,  can  lead  to  different  reactions  and  thus  different  product 
amounts.  In  addition,  it  is  also  known  that  competing  reactions  can  alter  even  catalyzed  primary  reaction 
rates  and  equilibrium  states.  In  fact,  catalyst  activity  and  efficiency  can  vary  depending  upon  the  reaction 
environment;  even  to  the  extent  that  the  catalyst  becomes  neutralized  or  "poisoned". 

It  has  been  stated  that  both  SS  and  Al  appear  to  be  catalytic,  but  because  the  smaller  I.D,  Al  TOCC  data 
was  suspect,  it  was  not  possible  to  determine  which  metal  was  more  catalytic.  However,  the  fact  that  the 
calculated  Ea  values  for  the  Al  TOCC's  are  different  from  those  found  for  the  SS  TOCC's  indicates  that 
there  is  probably  a  difference  in  the  way  SS  vs  Al  catalyze  reactions  (i.e.  different  functional 
mechanisms).  In  order  to  evaluate  this,  further  data  analysis  was  conducted. 

The  TFC  data  was  analyzed  in  a  similar  fashion  as  the  TC  data  to  evaluate  whether  any  more  information 
concerning  the  differences  in  catalytic  functional  mechanisms  between  SS  and  Al  could  be  obtained.  The 
rationale  behind  this  approach  was  that  the  filterable  carbon,  being  made  up  of  large  molecules  and 
carbon  particles,  would  not  volatilize  and  be  lost  as  readily  as  the  liquid  fuel.  Thus  the  Al  ^/,^  '  TFC  data 
might  be  of  more  use  in  this  respect  than  the  Ai  TC  data. 

3.2  TOTAL  FILTERABLE  CARBON 

Figure  8  is  a  composite  plot  of  Data  Set  2  TFC  values  for  the  four  TCXTC  types.  Ea  values  arc  given  in 
the  legend. 

The  TFC  data  indicate  the  same  general  relationships  as  the  TC  data,  except  that  the  Al  V|f,"  TOCC 
curve  now  has  a  negative  slope.  This  was  expected  since  the  filterable  carbon  should  not  have  been  as 
affected  by  vaptirization  losses  as  was  the  TC  values.  Table  4  summarizes  the  statistical  information  and 
Ea  data  for  Data  Sets  1  and  2  TFC  values. 
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TABLE  4. 

STATISTICAL  ANALYSIS  AND  ACTIVAT'^On  Ek’ELGIBS 
FOR  TOTAL  FILTERABLE  CARBON 


— 

1  Stat. 

SS 
DS  1 

3/8" 

DS  2 

Al 
DS  1 

3/8" 

DS  2 

SS 
DS  1 

- - —  ■  — . 1 

3/16" 

DS  2 

Al 

DS  1 

3/16" 

DS  2 

SD 

0.34 

0.27 

0.24 

0.14 

0.56 

0.33 

0.78 

0.39 

SEE 

0.10 

0.12 

0.07 

0.06 

0.17 

0.15 

0.22 

0.17 

R 

0.53 

0.48 

0.32 

0.28 

0.38 

0.53 

0.32 

0.27 

Ea 

2.13 

1.33 

0.95 

0.40 

2.48 

1.82 

2.93 

1.08 

Again,  as  with  the  TC  data,  there  is  quite  a  bit  of  scatter  in  the  data.  However,  even  though  the  A1  '/l6" 
TFC  data  is  more  believable,  the  contradiction  between  the  large  and  small  SS  and  A1  TCXTC's,  with 
respect  to  carbon  deposit  amounts  and  Ea  values,  still  exists. 

33  TOTAL  CARBON  TO  TOTAL  FUEL  VOLUME  RATIO  ANALYSIS  (TC/TV). 

The  differences  in  deposit  rates  and  amounts  observed  for  both  TC  and  TFC,  can  be  further  evaluated  to 
determine  whether  these  differences  are  the  result  of  a  catalytic  effect  on  the  bulk  fuel  insolubles  or  that 
of  differences  in  their  affinity  for  the  metal  surface.  To  do  this,  total  carbon/total  fuel  volume  (TC/TV) 
ratios  were  calculated  and  compared  to  the  TC  formed.  Table  5  summarizes  the  Data  Set  2  TC  values 
and  the  calculated  TC/TV  ratios  for  the  four  TOCC  types.  Designations  are:  SS  (Rsl),  SS  Vg "  (Rs2), 
Al  V,6''  (Ral)and  A1  %"  (Ra2). 


TABLE  5. 

TOTAL  CARBON  AND  TOTAL  CARBON  TO  TOTAL  VOLUME  RATIOS 


Run 

Temp. 

SS 

Rsl 

3/16" 

TC 

SS 

Rs2 

3/8" 

TC 

Al 

Ral 

3/16" 

TC 

Al 

Ra2 

3/8" 

TC 

300'F 

17.0 

10.4 

1.6 

65.0 

25.9 

0.6 

1.5  1 

350’F 

19.0 

11.6 

3.2 

48.0 

19.3 

0.6 

1.7 

400‘F 

20.0 

11.9 

3.9 

41.0 

16.2 

0.9 

2.5 

450"F 

24.0 

14.3 

3.1 

39.0 

15.6 

0.8 

2.1 

500*F 

26.0 

15.3 

H 

3.3 

16.0 

6.3 

0.8 

2.0 

Note:  TC  *  Total  Cartxin  TV  =  Total  Fuel  Volume 

Rsl  -  TC/TV  for  SS  3/16"  Rs2  =  TC/TV  for  SS  3/8" 

Ral  =  TC/TV  (or  Al  3/16"  Ra2  =  TC/TV  for  Al  3/8" 


It  IS  evident  that  Rsl  >  Rs2  and  Ral  >  Ra2.  In  addition,  both  Rl’s  have  much  higher  TC  values  than  the 
R2  s.  This  implies  that  both  SS  and  Al  exhibit  catalytic  properties.  However,  because  of  the  problems 
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experienced  with  the  Vk,"  O.D.  A1  TOCC's,  it  is  not  possible  to  determine  with  confidence  which  is  more 
catalytic.  Data  for  the  larger  O.D.  TOCC's  would  indicate  that  SS  was  slightly  more  productive  than  Al, 
even  though  the  SS  Ea  value  is  somewhat  higher.  This  may,  in  fact,  indicate  something  about  the 
differences  in  the  mechanism  of  catalysis  between  SS  and  Al.  However,  this  is  a  speculative  observation 
since  it  is  b.  sed  upon  only  the  larger  I.D.  TOCC  data. 

3.4  TOTAL  WALL  CARBON  TO  TOTAL  CARBON  RATIO  (TWC/TC) 

The  ratio  of  TWC/TC  provides  another  tool  for  determining  if  the  role  of  metallurgy  is  that  of  a  catalytic 
effect  on  the  bulk  insolubles  or  that  of  increased  affinity  of  the  deposits  for  the  wall  surface.  Low  ratios 
with  high  total  carbon  values  would  indicate  formation  of  catalytically  induced  insolubles  within  the  fuel. 
High  ratios  with  lower  total  carbon  contents  would  indicate  that  deposit  affinity  for  the  wall  surface  was 
the  dominating  factor.  Table  6  summarizes  TC  values  and  calculated  TWC/TC  ratios  for  Data  Set  2. 

In  general,  it  appears  that  for  all  four  TOCC  types,  the  majority  percentage  of  the  TC  was  produced  on 
the  tube  walls.  This  finding  indicates  that  while  catalysis  seems  to  be  a  significant  factor,  the  affinity  of 
deposits  to  adhere  lo  the  SS  and  Al  tube  walls  is  essentially  equal  on  a  percentage  of  total  carbon  basis 
and  for  this  JP-8  test  fuel. 


TABLE  6. 

TOTAL  CARBON  AND  TOTAL  NALL  CARBON  TO  TOTAL  CARBON  RATIOS 


Run 

Temp . 

SS  3/16" 

RSl  TC 

SS  3/8" 

Rb2  TC 

Al  3/16" 

Ral  TC 

Al  3/8" 

Ra2  TC 

300*F 

0.81 

10.4 

0.73 

1.6 

0.89 

25.9 

0.70 

1.5 

350*F 

0,78 

11.6 

0.81 

3.2 

0.78 

19.3 

0.63 

1.7 

j  400*F 

0.78 

11.9 

0.80 

3.9 

0.77 

16.2 

0.75 

2.5 

1  450‘F 

0.66 

14.3 

0.74 

3.1 

0.54 

15.6 

0.73 

2.1 

1  500*F 

0.84 

15.3 

0.84 

3.3 

0.55 

6.3 

0.74 

2.0 

Note;  TC  =  Total  Carbon  TW  =  Total  Wall  Carbon 

Rsl  =  TC/TW  for  SS  3/16"  Rs2  =  TC/TW  for  SS  3/8" 

Ral  =  TC/TW  for  Al  3/16"  Ra2  =  TC/TW  for  Al  3/8" 
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Figure].  Arrhenius  Plot 
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Figure  2.  Arrhenius  Plot  of  3/8”  Aluminum  Total  Carbon 
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Figure  3.  Arrhenius  Plot 
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Figure  5.  Arrhenius  Plot  of  Composite  TOCC 
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Figure  6.  Normalized  Total  Carbon  Comparison  of  3/8"  Stainless  Steel  vs  3116'  Stainless  Steel 
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Figure  8.  Arrhenius  Plot  of  Filterable  Carbon 
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SECTION  4.0 


CONCLUSIONS  AND  RECOMMENDATIONS 


In  the  static  tests  performed  under  this  investigation,  significantly  lower  levels  of  fuel  degradation 
products  were  produced  than  that  reported  in  literature  for  dynamic  flowing  fuel  test  rigs.  This  is 
attributed  to  the  small  sample  volumes  and  limited  air  available  to  the  TOCC's.  However,  the  amounts 
were  easily  determined  using  the  LECO  RC412  Carbon  Determinator. 

Repeatability  was  not  as  good  as  desired.  The  smaller  I.D.  A1  TOCC  experienced  the  greatest  leakage 
difficulties  of  the  four  TOCC  types.  It  may  be  that  the  low  carbon  values  contributed  to  the  data  scatter, 
but  insidious  leakage  is  also  highly  suspected. 

The  role  of  metallurgy,  as  indicated  by  the  data  in  this  investigation,  appears  to  be  catalytic.  Both  the 
small  SS  and  A1  TOCC's  produced  much  more  carbon  than  the  larger  I.D.  TOCC's. 

Based  on  the  amounts  of  filterable  and  tube  wall  carbon  obtained,  the  calculated  activation  energies  and 
the  TCA'V  and  TWC/TC  ratio  analyses  for  each  TOCC  type,  there  appears  to  be  a  difference  between  SS 
and  A1  catalytic  properties.  These  differences  are  most  likely  mechanistic  in  nature.  However,  the  data 
does  not  allow  the  determination  of  which  metallurgy  is  more  catalytic.  Any  future  effort  using  a  static 
closed  test  cell  approach  will  require  further  development  in  reactor  design  and  a  review  of  equipment 
and  techniques  available  for  providing  rapid  heal  up  to  isothermal  conditions. 


427 


DESIGN  REQUIREMENTS  FOR  A  LABORATORY  SCALE 
THERMAL  OXIDATION  STABILITY  TEST 


Period  of  Performance 

22  March  1989  through  11  June  1990 

Reference 

Task  Order  No.  16,  Topical  Report  No.  13,  June  1 1.  FR  19032-13,  T.B.  Biddle 
Abstract 

As  the  need  for  a  valid  thermal  stability  test  becomes  increasingly  apparent  with  advanced  engines  in  the 
design  phase,  so  does  the  controversy  over  what  a  valid  test  should  encompass.  There  is  a  need  to 
develop  a  laboratory-scale  device  that  generates  information  directly  applicable  to  fuel  behavior  in  a  fuel 
system.  Further,  it  should  permit  examination  of  chemical  processes  occurring  in  the  fuel,  yet  incorporate 
the  economics,  ease  of  operation  and  versatility  associated  with  bench-top  devices.  The  objective  of  this 
study  was  to  determine  the  design  requirements  for  such  a  device.  A  survey  of  industry  was  conducted  to 
assimilate  information  and  transition  it  into  requirements  for  a  meaningful  thermal  stability  test.  Sources 
used  in  compiling  information  included  industry  and  military  personnel,  overhaul  and  repair  depots, 
research  consortiums,  and  literature. 

According  to  the  guidelines  of  this  study,  design  requirements  were  to  focus  on  components  identified  as 
being  most  su-sccptible  to  fuel  thermal  stability  problems.  These  components  were  found  to  be  largely 
rcsu-ictcd  to  the  hot  section  of  the  engine,  i.e.,  fuel  injector  nozzles,  nozzle  supports,  afterburner  spray 
rings,  fuel  manifold  assemblies,  and  fuel  feeder  tubes.  Other  components  within  the  fuel  system  were 
reported  as  fuel  sensitive  during  the  course  of  the  industry  and  military  survey  and  literature  search,  but 
actual  cases  could  not  be  identified  or  substantiated.  Critical  fuel  system  parameters  reported  for  the  hot 
section  included  small  passage  areas,  Reynolds  number,  metal  temperature,  fuel  temperature,  and  flow 
rate.  The  flight  conditions  most  prone  to  result  in  thermal  stability  problems  were  found  to  be  those 
involving  low  fuel  flow  and  high  environmental  temperatures. 


SECTION  1.0 
INTRODUCTION 


Thermal  instability  was  first  identified  as  a  problem  in  aviation  fuels  in  the  1950's.  Since  then  an 
understanding  of  the  deposition  process  has  been  sought  through  a  variety  of  small  scale  test  devices,  fuel 
system  simulators,  and  simply  designed,  closely  controlled  experiments.  Thermal  stability  continues  to 
be  a  concern  not  only  because  of  random,  intermittent,  problems  experienced  by  Field  engines,  but  largely 
due  to  the  more  stringent  fuel  demands  of  advanced  systems  currently  under  development. 

Thermal  stability  has  been  recognized  as  a  critical  limiting  factor  in  the  design  of  advanced  engines. 
Increased  heat  loads  resulting  from  increases  in  lubricant  and  hydraulic  fluid  operating  temperatures  and 
extensive  airframe  electronics  and  hydraulics  will  rely  on  the  cooling  capabilities  of  the  fuel.  To 
accommodate  these  heat  loads,  engine  hardware  designers  and  fuel  developers  are  faced  with  developing 
coke  resistant  hardware  in  combination  with  fuels  with  greater  cooling  capacities.  It  was  assumed  that 
development  of  advanced  fuels  would  keep  pace  with  advances  in  engine  technology.  It  is  now 
recognized  that  benefits  of  programs  such  as  the  Inteerated  High  Performance  Turbine  Engine 
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Technology  Initiative  (IHPTET)  may  be  partially  offset  due  to  the  need  for  larger  recirculating  systems  to 
ii^aintain  fuel  temperatures  below  their  thermal  oxidative  stability  limits. 

As  the  need  for  a  valid  thermal  stability  test  becomes  increasingly  apparent  with  advanced  engines  in  the 
design  phase,  so  does  the  controversy  over  what  a  valid  test  should  encompass.  This  is  a  complex 
problem  because  hardware  designers  have  different  fundamental  needs  then  do  fuel  developers.  From  the 
commercial  perspective,  there  is  the  desire  for  a  simple,  inexpensive,  quality  control  lest  which  will 
ensure  that  fuels  tested  as  acceptable  do  not  inadvertently  result  in  fitid  problems.  Quantitative 
measurements,  and  as  a  result  a  more  complex  and  elaborate  test,  are  required  by  researchers  involved  in 
hardware  design  and  advanced  fuel  development.  Moreover,  some  researchers  desire  a  test  that 
duplicates  or  closely  simulates  actual  engine  conditions.  Others  propose  that  the  device  need  not 
duplicate  engine  paraiiiCters.  More  importantly,  it  should  provide  data  on  a  laboratory  scale  basis  which 
can  be  used  to  predict  how  a  fuel  will  behave  in  the  fuel  system.  Most  widely  agreed  upon  is  the  desire 
for  a  convenient  bench-top  test  using  research  size  sample  volumes. 

The  Jet  Fuel  Thermal  Oxidation  Tester  (JFTOT)  is  the  most  widely  accepted  small  scale  laboratory 
device  used  to  determine  the  thermal  stability  of  jet  fuels.  It  fulfills  most  of  the  requirements  for  a  quality 
control  test  and  has  been  used  to  study  many  facets  of  fuel  decomposition.  The  JFTOT,  however,  is  often 
criticized  because  of  its  subjective  rating  system  and  lack  of  direct  correlation  to  fuel  performance  in  an 
aircraft. 

When  it  becomes  necessary  to  predict  fuel  perfonnance  in  an  aircraft  fuel  system,  simulators  are  used. 
These  simulators  provide  bridges  between  small-scale  devices  and  actual  engine  aircraft  performance.  In 
addition,  simulators  provide  practical  thermal  stability  information  under  simulated  aircraft  conditions. 
The  hardware,  environmental  conditions,  and  fuel  required  by  simulators,  however,  make  it  expensive 
and  impractical  for  other  than  very  limited  testing. 

There  is,  therefore,  a  need  to  develop  a  laboratory-scale  device  that  generates  information  directly 
applicable  to  fuel  behavior  in  a  fuel  system.  Further,  it  should  permit  examination  of  chemical  processes 
occurring  in  the  fuel,  yet  incorporate  the  economics,  ease  of  operation  and  versatility  associated  with 
bench-top  devices.  The  objective  of  this  study  was  to  determine  the  design  requirements  for  such  a 
device. 


SECTION  2.0 


STUDY  APPROACH 


A  working  outline  was  generated  which  focussed  on  a  number  of  fundamental  concerns  important  in 
formulating  design  requirements  for  a  valid  thermal  stability  test.  Each  of  the  considerations  shown 
below  were  explored  in  an  effort  to  determine  which  fuel  system  components  should  be  addressed  and 
which  operating  parameters  are  critical  and  should  be  included  as  a  design  requirement  for  a  thermal 
stability  test.  The  feasibility  of  incorporating  these  design  requirements  in  a  test  rig  was  considered.  A 
conceptual  configuration  for  a  bench-top  test  device  was  formulated  within  the  constraints  of  the  scope  of 
effort. 

•  Components  Most  Susceptible  to  Fuel  Thermal  Instability 

•  Fuel  System  Parameters  Typical  of  Current  and  Near-Term  Advanced  Engines 

•  Critical  Fuel  System  Parameters 

•  Type  of  Information  Needed  by  Hardware  Designers  and  Fuel  Developers 

•  Capabilities  and  Limitations  of  Current  Test  Devices 

•  Collated  Design  Requirements  For  A  Thermal  Stability  Test 

•  Conceptual  Configuration  of  a  Bench-Top  Test  Device 

The  rationale  for  this  plan  of  study  is  discussed  briefly  in  the  paragraphs  which  follow. 

2.1  Components  Susceptible  To  Thermal  Instability 

An  important  first  step  was  to  identify  fuel  system  components  most  susceptible  to  thermal  stability 
problems.  In  doing  so,  it  was  necessary  to  discriminate  between  fuel  component  problems  that  were 
directly  related  to  fuel  thermal  stability  and  those  which  were  not  actually  a  consequence  of  the  fuel,  but 
rather  the  result  of  a  system  failure.  Approached  in  this  way,  needless  complications  to  a  conceptual  test 
configuration  can  be  avoided  by  not  addressing  a  component  which  in  truth  had  no  history  of  fuel  related 
thermal  stability  problems.  Documented  cases  that  could  be  directly  related  to  fuel  were  sought  from 
industry,  P&W  engine  project  groups,  and  military  overhaul  and  repair  depots.  After  establishing  in  what 
manner  the  components  identified  were  affected,  an  attempt  was  made  to  determine  the  build-up  of 
deposit  required  to  degrade  performance. 

2.2  Fuel  System  Par/\.meters  Typical  of  Current  and  Near-Term  Advanced  Engines 

Fuel  system  parameters  were  determined  for  a  typical,  generic,  current  engine  and  a  near-term  advanced 
engine.  Fuel  system  parameters  for  each  engine  were  surveyed  at  up  to  five  flight  conditions.  Based  on 
availability  and  the  scope  of  this  program,  information  such  as  fuel  temperatures,  metal  temperatures, 
materials,  flow  rates,  Reynolds  numbers,  and  pressures  were  compiled  to  establish  actual  engine 
environmental  conditions. 

2.3  Critical  Fuel  System  Parameters 

Knowing  that  it  was  unlikely  that  a  test  could  be  designed  to  address  all  environmental  conditions  for 
each  component,  those  conditions  considered  the  most  critical  in  regard  to  thermal  stability  wt 
identified. 
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2.4  Type  of  Information  Needed  by  Hardware  Designers  and  Fuel  Developers 

It  is  important  that  a  conceptual  test  design  provide  information  that  is  meaningful  and  useful  to  the  user's 
specific  application.  The  needs  and  concerns  of  a  hardware  designer  will  be  different  from  that  of  a  fuel 
developer.  The  type  of  information  required  by  each  had  to  be  ascertained  as  well  as  the  form  in  which 
the  data  should  be  generated.  From  a  fuel  system  designer's  standpoinL  meaningful  information  might 
include  rate  of  deposition  as  a  function  of  fuel  type;  time  at  temperature;  metal  and  surface  finish;  fuel 
flow  rate,  velocity,  and  Reynolds  number;  pressure;  and  effect  of  deposit  on  heat  transfer.  The  form  in 
which  the  data  should  be  generated,  e.g.,  deposit  thickness,  volume  of  deposiL  heat  transfer  coefficients, 
etc.  also  was  established. 

From  a  fuel  developer's  perspective,  changes  in  chemical  composition  as  a  function  of  thermal  stressing 
(time  and  temperature),  the  influence  of  functional  groups,  heteroatomic  species,  refinery  processes,  and 
catalytic  activity  might  be  of  interest.  Determining  what  type  of  information  was  needed  by  a  fuel 
developer  was  important  in  formulating  a  test  design  capable  of  defining  relationships  in  terms  of  fuel 
chemistry. 

2.5  Capabilities  and  Limh  ations  of  Current  Test  Devices 

A  review  of  the  capabilities  and  limitations  of  current  test  devices  permitted  comparison  of  what  was 
already  readily  available  to  that  of  the  needs  of  fuel  system  designers  and  fuel  developers.  This  viiy 
reviewed  what  existing  ngs  tell  us,  how  they  work,  the  fuel  system  parameters  and  components  they 
simulate,  how  sample  deposits  are  evaluated,  and  how  the  information  is  transitioned  into  hardware 
design  and/cr  fuel  development. 

2.6  Collated  Design  Requirements  for  a  Thermal  Stability  Test 

Information  compiled  in  the  previous  sections  was  collated  and  reduced  to  provide  a  workable  approach 
for  arriving  at  design  requirements  for  a  valid  thermal  stability  test.  In  order  to  avoid  what  would  turn 
out  to  be  an  elaborately  instrumented  fuel  system  simulator  (the  design  of  which  was  not  the  intent  of  this 
program),  the  input  was  carefully  scrutinized  in  total  then  reduced  based  on  conclusions  from  the 
following: 

V  Which  of  the  most  critical  fuel  system  parameters  can  feasibly  be  duplicated  or  simulated  in  a  bench- 
top  configuration  ? 

V  How  would  this  be  accomplished  and  what  type  of  measurement  is  required  ? 

V  What  compromi.ses  must  be  made  in  actual  fuel  system  parameters  and  direct  engine  correlation  in 
order  to  accomplish  the  goals  of  an  accelerated  laboratory-scale  thermal  stability  test  using  research 
quantities  of  fuel  ? 

V  Can  these  compromises  be  made  and  still  provide  useful  information  to  fuel  system  designers  and  fuel 
developers  ? 

2.7  Conceptual  Configuration  for  a  Laboratory  Scale  Test  Device 

Information  compiled  and  collated  in  the  previous  sections,  w'th  emphasis  on  the  most  critical  of  the 
design  requirements,  was  used  to  arrive  at  a  conceptual  configuration  for  a  bench-top  laboratory  .scale  test 
device. 
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SECTION  3.0 


SOURCES  USED  FOR  COMPILING  DESIGN  REQUIREMENTS 


A  number  of  different  avenues  were  pursued  to  explore  the  design  considerations  discussed  in  the 
previous  section.  The  intent  was  to  assimilate  information  and  transition  it  into  requirements  for  a 
meaningful  thermal  stability  test.  Sources  used  in  compiling  information  included  industry  and  military 
personnel,  overhaul  and  repair  depots,  research  consortiums,  and  literature. 

3.1  ASTM/CRC  Activities 

At  the  onset  of  this  technical  effort,  ASTM  subcommittee  J  submitted  a  request  to  the  Coordinating 
Research  Council  (CRC)  for  a  research  effort  to  further  define  the  requirements  for  jet  fuel  thermal 
stability.  In  addition,  the  request  asked  for  a  critical  review  of  test  methods  for  determining  whether 
quality  requirements  were  being  met.  CRC  responded  by  forming  the  CRC  Ad  Hoc  Panel  on  Jet  Fuel 
Thermal  Stability  Test  Methods.  This  action  coincided  neatly  with  the  needs  of  the  WRDC  activity  as  it 
provided  a  forum  for  industry  input.  ASTM's  list  of  concerns  and  objectives  were  carefully  reviewed  by 
P&W  along  with  a  strawman'  proposal  prepared  by  the  Panel  Chairman  (  Jerry  Ohm  of  Boeing). 
Although  fundamental  differences  exist  between  :he  ASTM/CRC  quality  control  objectives  and  the  Air 
Forces's  need  for  an  analytical  research  tool,  it  was  felt  that  active  participation  in  the  panel  would  permit 
much  common  ground  information  to  be  funnelled  into  the  Air  Force  effort. 

The  CRC  Ad  Hoc  Panel  concluded  that  compiling  fuel  system  parameters  was  an  important  first  step  in 
accomplishing  their  specific  goals.  Consequently,  Kurt  Strauss,  as  an  independent  consultant,  was 
commissioned  by  the  CRC  to  compile  fuel  system  parameters  from  engine  manufacturers  and  airframers. 
The  efforts  of  the  CRC  and  the  interests  of  the  Air  Force  were  discussed  so  as  to  eliminate  as  much 
redundant  activity  as  possible.  It  was  agreed  that  close  contact  would  be  maintained  and  information 
shared  where  ever  possible.  It  was  further  agreed  that  it  was  in  the  best  interest  of  all  parties  involved 
that  efforts  be  coordinated  so  as  to  mutually  benefit  the  research  and  quality  assurance  communities.  The 
information  compiled  by  Mr.  Strauss  from  the  engine  and  airframe  manufacturers  was  to  be  presented  to 
the  CRC  panel  in  coded  form  so  as  not  to  disclose  specific  engine  models  or  manufacturers. 

At  the  December  1989  meeting  of  ASTM,  the  focus  of  the  Air  Force  sponsored  investigation  was 
presented  to  members  and  attenders  of  the  J-08  High  Temperature  Stability  Panel.  As  a  follow-up,  a 
survey  and  working  outline  for  compiling  information  was  mailed  to  members  of  industry  experienced 
and  knowledgeable  in  fuel  thermal  stability. 

3.2  United  Kingdom  Thermal  Stability  Steering  Grolp 

The  Mini.stry  of  Defense  (MOD)  Thermal  Stability  Steering  Group  in  the  United  Kingdom  was  consulted 
m  regard  to  reported  activities  paralleling  the  CRC  research  program.  Richard  Clark  (Shell  Research), 
chairmar.  of  the  UK  Thermal  Stability  Steering  Group,  disclosed  that  while  a  similar  study  to  that  of 
CRC's  had  been  proposed  by  the  Steering  Group,  only  Shell  was  willing  to  commit  manpower  to 
accomplish  the  effort.  Consequently,  Shell  is  pursuing  its  own  thermal  stability  program  on  a  proprietary 
basis.  Shell  Research's  mam  thrust  is  in  continued  development  of  a  laboratory-scale  test  rig  which 
incorporates  turbulent  fuel  flow  into  its  design.  Minutes  from  the  UK  Steering  Group  meeting  were 
reviewed  for  insight  into  the  UK  perspective. 

Bryan  Rayner  of  Rolls  Royce,  who  is  a  frequent  liaison  between  MOD  and  the  U.S.,  advised  that  Rolls 
Royce  was  currently  working  on  a  lest  configuration  which  will  act  as  a  bridge  between  bench-top 
thermal  stability  rigs  and  fuel  system  simulators.  This  is  needed  to  qualify  bench-top  rigs  based  on 
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correlations  to  engine  tests.  Mr.  Rayner  was  not  at  liberty  to  disclose  further  details  of  the  Rolls  Royce 
effort. 

3.3  P&W  Project  Groups 


Project  Groups  within  P&W,  including  'Combustion  Design’,  'Mechanical  Components  and  System 
Design',  and  Engine  Controls'  were  commissioned  with  the  task  of  compiling  fuel  system  parameters  for 
a  typical  current  and  near-term  advanced  engine. 

3.4  Overhaul  and  Repair  Depots 

Air  Logistics  Centers  (overhaul  and  repair  facilities)  at  Tinker  Air  Force  Base,  Oklahoma  City,  OK  and 
Kelly  Air  Force  Base,  San  Antonio,  TX  were  contacted  to  identify  fuel  system  components  that  exhibited 
coking  problems  in  the  field.  Components  were  reviewed  on  the  basis  of  evidence  of  deposits  at  regular 
scheduled  tear-down  intervals,  and  problems  which  resulted  in  unscheduled  maintenance.  In  addition, 
P&W  Customer  Support  International  Offices  in  Saudi  Arabia,  Pakistan,  Venezuela,  Korea,  Israel,  and 
Japan  were  contacted  concerning  thermal  stability  related  component  failures. 

3.5  Industry  and  Military  Survey 

The  working  outline  discussed  in  Section  2.0,  describing  important  considerations  in  the  design  of  a 
thermal  stability  test,  was  expanded  upon  and  presented  to  industry  and  the  military  in  the  form  of  a 
survey.  The  survey  consisted  of  an  outline  structured  to  capitalize  on  industry's  experience  relating  to 
sensitivity  of  engine  components  to  fuel  thermal  instability.  A  follow-up  letter  to  the  survey  requested 
the  components  identified  be  based  on  first-hand  knowledge  rather  than  hear-say,  i.e.,  documented 
malfunctions  and  failures  due  to  deposit  formation  directly  related  to  the  fuel.  In  addition,  the  survey 
sought  to  determine  critical  fuel  system  parameters  and  design  features  which  should  be  incorporated  into 
a  laboratory  scale  test  rig. 

Those  receiving  the  outline  included,  but  were  not  limited  to,  members  of  the  CRC  Ad  Hoc  Panel  on  Fuel 
Thermal  Stability  Test  Methods,  WREX^,  the  Naval  Air  Propulsion  Center  (NAPC),  the  Naval  Research 
Laboratory  (NRL),  United  Technologies  Research  Center  (UTRC),  and  P&W  combustion  and  component 
design  groups.  A  copy  ot  the  survey  and  distribution  is  contained  in  Appendix  A.  Personal  telephone 
contacts  and  a  follow-up  letter  urged  participation  by  industry  in  this  effort.  Twenty-eight  survey 
responses  were  received  out  of  the  forty -two  individuals  and  organizations  solicited  for  input. 

3.6  Literature  Search 

In  addition  to  the  industry  and  military  survey,  a  literature  search  was  performed  to  further  investigate  the 
design  considerations  di.scussed  in  Section  2. 
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SECTION  4.0 


STUDY  RESULTS 


Input  received  from  industry  and  the  military,  and  information  compiled  from  foreign  Air  Force  bases, 
U.S.  overhaul  and  repair  depots  and  P&W  Project  Groups  are  summarized  in  the  paragraphs  which 
follow. 

4.1  Flel  System  Components  Aptected  By  Thermal  Stability 

The  Air  Logistics  Centers  (overhaul  and  repair  depots)  contacted  reported  that  tear-down  inspections  are 
performed  at  regular  scheduled  intervals.  Deposits  are  regularly  observed  on  the  following  fuel  wetted 
components;  fuel  feeder  tubes,  fuel  manifold  assemblies,  main  burner  nozzles,  nozzle  support  assemblies, 
augmentor  nozzle  actuators,  and  augmentor  spray  ring  and  spray  bar  assemblies.  Thermal  stability  related 
field  problems  resulting  in  unscheduled  maintenance  are  rarely  encountered. 

One  overhaul  and  repair  depot  reported  that,  in  general,  minor  coking  is  tolerated  and  corrective  action  is 
not  taken  until  such  time  as  the  component  fails  a  bench-type  flow  test.  The  second  overhaul  depot 
advised  that  pans  are  cleaned  immediately  upon  evidence  of  coking  or  deposits,  flow  checked,  recycled 
through  cleaning  if  required,  and  then  flow  checked  a  second  time.  The  parts  are  condemned  if  they  do 
not  pass  the  second  flow  check.  Coke  removal  is  typically  accomplished  by  flowing  hot  (~200°F)  alkali 
permanganate  through  the  component,  followed  by  a  mild  acid  rinse,  a  water  rinse,  then  air  dried. 
Manual  scrubbing  is  often  required  using  a  variety  of  solvents,  wire  brushes  and  reamers.  The  parts  most 
difficult  to  clean  arc  the  fuel  manifold  assemblies  and  fuel  nozzle  supports. 

P&W  Program  Managers  and  Customer  Support  Groups  responsible  for  maintaining  product  integrity  and 
resolving  engine  hardware  and  fuel  related  problems  for  the  air  forces  of  Saudi  Arabia,  Pakistan, 
Venezuela,  Korea,  and  Japan  report  no  instances  of  thermal  stability  related  problems.  One  customer 
reported  e.xpcricncing  thermal  stability  problems  with  the  No.  1  through  5  augmentor  spray  ring;  the  No. 
3  spray  ring  being  the  most  susceptible  to  coking.  It  is  suspected  that  this  customer's  more  demanding 
flight  missions  contribute  to  spray  ring  coking. 

P&W  Project  and  Support  Groups  (Mechanical  Components,  Combustion  Design,  and  Engine  Controls) 
associated  thermal  .stability  problems  with  fuel  nozzles,  fuel  feeder  tubes  at  the  nozzle  support  assembly, 
augmentor  spray  rings  and  spray  bars.  Fouling  of  the  fuel/oil  heat  exchanger  is  an  extreme  rarity; 
possibly,  in  part,  because  it  is  located  upstream  of  the  hottest  fuel  temperatures.  Historically,  only  one 
in.stance  of  fucl/oil  heat  exchanger  fouling  has  been  documented  at  P&W.  Its  been  P&W's  experience  in 
general,  that  fuel  controls,  pumps,  and  filters  are  not  affected  because  the  design  of  the  system  limits  the 
temperature  they  can  reach.  Occasional  system  failures,  e.g.,  seal  leaks  or  line  leaks,  allow  enough  hot 
engine  air  to  leak  past  a  fuel  system  component  to  result  in  local  over  heating  and  excessive  coke 
formation.  This  is  an  anomaly  and  not  a  typical  system  problem.  While  P&W  has  not  experienced  fuel 
control  or  filter  problems  in  normal  operation,  other  sources  within  industry  reported  occurrences. 

In  response  to  the  survey  (which  requested  first-hand  knowledge),  industry  reports  the  following 
components  to  be  affected  by  thermal  stability;  fucl/oil  heat  exchangers,  fuel  injector  nozzles,  nozzle 
support  assemblies,  fuel  controls,  fuel  filters,  fuel  feeder  tubes,  fuel  manifold  assemblies,  augmentor 
spray  rings  and  spray  bars,  and  augmentor  nozzle  actuators.  Literature  cited  many  of  the  same 
components.  In  addition,  one  airframcr  cited  the  compressor  inlet  temperature  (CIT)  sensor,  and  the 
variable  bleed  valve  (VBV)  gear  motor.  It  is  generally  believed  that  the  problem  of  fuel  decomposition 
normally  occurs  downstream  of  the  engine  pump  and  becomes  progressively  worse  as  the  fuel  progresses 
toward  the  point  of  injection. 
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The  manner  in  which  fuel  components  are  affected  and  tolerance  levels,  where  available,  are  summarized 
in  the  paragraphs  which  follow. 

♦  Fuel  Controls 

In  the  fuel  control,  which  is  generally  downstream  of  the  fuel/oil  heat  exchanger,  heated  fuel  passes 
through  many  close  clearance  valves  and  actuators  in  the  servo  system.  Flow  is  quite  low,  sometimes 
resulting  in  long  residence  time  at  high  temperature.  Fuel  derived  deposits,  lacquer,  or  gum  can  form  on 
sliding  surfaces  causing  sticking  and  result  in  malfunction  of  the  fuel  metering  system.  Throttle  stagger 
and  unstable  idle  can  be  a  consequence.  In  the  fuel  control,  problems  can  result  from  deposits  less  than 
0.001  inch  thick. 

♦  Fuel  Filters 

Fuel-derived  deposits  can  plug  filters  and  reduce  fuel  flow.  Instances  of  filter  clogging  with  a  gelatinous 
substance  have  been  reported  to  be  the  consequence  of  thermally  unstable  fuel. 

♦  CIT  Sensor 

Temperatures  shift  due  to  screen  clogging. 

♦  VBV  Gear  Motor 
Seizure  due  to  sticky  film. 

♦  FuellOU  Heal  Exchangers 

Although  rarely  encountered,  coking  can  cause  heat  transfer  effectiveness  to  degrade  which  can  result  in 
higher  oil  temperatures.  Pressure  drop  across  the  heat  exchanger  also  increases  with  coking.  Tolerance 
levels  for  fuel/oil  heat  exchangers  are  not  well  known.  Any  amount  of  deposit  build-up  degrades  heal 
exchanger  performance.  Heal  exchangers  are  normally  over-sized  so  that  the  thermal  performance  is 
acceptable  even  with  some  deposits  and/or  scaling.  The  increased  pressure  drop  lends  to  improve  heat 
U'ansfer  which  partially  offsets  the  decrease  in  effectiveness  due  to  the  deposits. 

♦  Fuel  Injector  Nozzles 

Deposits  affect  fuel  spray  pattern  and  flow  rate.  Fuel  nozzles  for  modem  engines  typically  consist  of  a 
variable  area  metering  valve,  stem,  and  fuel  injection  lip.  Sufficient  deposit  build-up  in  any  of  these 
areas  can  degrade  nozzle  performance.  The  distribution  valves  are  usually  sliding  spool  devices.  The 
spool  lappod  to  the  bore  with  a  diametral  clearance  on  the  order  of  0.0002  inch.  Thus,  virtually  any 
build-up  of  hard  deposit  would  inhibit  spool  movement  and  cause  significant  deviation  from  design  flow 
schedules.  Softer  deposits  may  be  scraped  away  during  normal  movement  of  the  spool. 

The  stem,  which  carries  fuel  from  the  valve  to  the  nozzle  lip,  typically  has  pa.ssagcs  on  the  order  of  0.188 
inch  diameter.  Therefore,  significantly  larger  deposits  can  be  tolerated  without  significant  resU'iciion. 
Of  greater  concern,  however,  is  the  flaking  of  these  stem  deposits  and  subsequent  plugging  of  the  nozzle 
tip.  Minimum  passage  dimensions  in  the  lips  are  held  to  0.020  inch  or  larger  in  most  fighter  and 
oansport  engines,  but  the  allowable  stem  deposit  thicknesses  cannot  be  defined  due  to  the  random  nature 
of  flaking.  In  the  up,  the  0.020  inch  or  larger  minimum  passage  dimension  applies  to  pressure  atomizing 
components  such  as  the  primary  nozzle  m  a  hybrid  aublast  or  high  .shear  injector.  The  secondary 
passages  in  these  tips  are  relatively  large,  and  a  deposit  build-up  on  the  order  of  0.005  to  0.010  inch 
would  cause  a  10  %  reduction  in  flow  which  is  ample  cause  for  replacement  of  the  nozzle. 


♦  Fuel  Manifold  Assemblies 

Fuel  manifolds  under  normal  operating  conditions  seem  to  develop  fuel  fouling  only  after  long  periods  of 
service.  1'his  is  probably  due  to  their  position  in  a  moderate  temperature  regime  directly  upstream  of  the 
fuel  nozzles.  Varnish  builds  up  over  time  to  cause  reduced  fuel  flow. 

♦  Fuel  Feeder  Tubes 

Fuel  feeder  tube  fouling  appears  to  only  occur  where  these  tubes  enter  elevated  temperature 
environments.  Fuel  feeder  tube  points  of  connection  to  augmentor  spray  rings  have  been  found  to  be 
frequent  sites  of  fuel  fouling.  Evidence  suggests  that  during  periods  between  augmentation,  when  fuel 
handling  hardware  temperatures  peak,  the  residual  static  fuel  in  this  hardware  thermally  degrades  and 
forms  coke  deposits. 

♦  Augmentor  Spray  Rings  /  Spray  Bars 

The  design  and  position  of  this  hardware  within  the  augmentor  environment  seem  to  affect  coking  rates. 
Spray  ring  designs  which  use  fuel  pressure  actuated  spray  valves  (’pintles’)  tend  to  foul  more  than  spray 
rings  using  an  open  orifice  design.  The  spray  ring’s  position  in  the  thermal  environment  (i.e.  core  or  duct 
air  streams)  seem  to  be  a  factor  as  well.  Pintle  type  spray  rings  exposed  to  duct  air  stream  tend  to  foul 
most  often.  Apparently,  residual  fuel  trapped  in  these  rings  form  small  amounts  of  deposit.  With  each 
augmentor  cycle,  more  deposits  build-up  until  the  spray  ring  becomes  substantially  fouled. 

♦  Augmentor  Nozzle  Actuators 

Actuator  fouling  may  be  related  to  the  formation  of  varnishes  and  gums  rather  than  crystalline  type 
carbon  deposits.  Fine  orifices  coupled  with  long  fuel  residence  times  conuibute  to  the  problem. 

In  summary,  the  components  cited  by  industry,  military,  overhaul  centers,  foreign  air  bases,  P&W  Project 
groups,  and  literature  as  the  most  frequently  plagued  by  thermal  stability  problems  are  fuel  feeder  tubes 
at  the  nozzle  support  assembly,  fuel  nozzles,  and  augmentor  spray  rings  and  spray  bars.  These 
components  show  performance  degradation  directly  related  to  fuel  thermal  instability.  Components  such 
as  fuel  controls,  actuators  (with  fuel  used  as  the  hydraulic  fluid),  and  fuel/oil  heat  exchangers  have  had 
problems  due  to  fuel  degradation,  but  the  problems  seem  to  be  rare,  transient,  and  illusive  in  nature. 

4.2  Ft  EL  System  Parameters  Typical  oe  Current  and  Near-Term  Adva.nced  Engines 

Fuel  system  temperatures  were  determined  for  a  typical  current  and  near-term  advanced  engine  by  the 
P&W  Component  Design  Technology  Group.  Thermal  management  models  for  IHPTET  Phase  11  and  III 
engines  were  unavailable  at  this  writing.  Table  1  shows  fuel  temperatures  representative  of  current 
technology  engines  at  five  different  flight  conditions.  Table  2  shows  fuel  temperatures  representative  of  a 
near-ieim  advanced  engine  at  four  different  flight  conditions.  Fuel  residence  times  for  a  near-term 
advanced  engine  are  shown  in  Table  3. 

Additional  fuel  system  parameters  were  compiled  or  derived  for  the  following  specific  components: 
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♦  Developmental  Engine  Heal  Exchanger 


The  following  heal  exchanger  data  were  generated  for  a  development  engine  cruise  condition:  Including 
recirculation,  53  Ib/minule  of  fuel  enters  the  heal  exchanger  at  257°F  and  exits  at  298°F.  Oil  in  and  out 
temperatures  are  320‘^F  and  296^F,  respectively.  Tube  temperature  is  close  to  300°F.  The  heal  exchanger 
contains  319  aluminum  U-shaped  fuel  tubes  with  an  average  diameter  of  0.072  inches.  Pressure  is 
approximately  1500  psi.  Flow  velocity  is  2.38  ft/second  which  yields  a  fuel  residence  time  in  the  tubes 
of  less  than  1  second. 

♦  Hot  Section  For  Near-Term  Advanced  Engine 

Typical  hot  section  parameters  are  shown  in  Table  4  for  a  near  future  engine.  The  minimum  and 
maximum  values  shown  were  generated  from  conditions  over  the  entire  flight  envelope.  These  values 
were  derived  from  an  analysis  of  nozzle  flow  passages  in  both  the  primary  and  secondary  circuits  of  a 
typical  fuel  nozzle.  The  primary  fuel  circuit  usually  sees  relatively  small  fuel  flow  rates  (0.42-1.3 
Lb./min.  per  nozzle),  and,  hence  low  velocities  and  Reynolds  numbers.  The  secondary  circuit,  however, 
can  flow  up  to  22  Lb./inin.  per  nozzle,  providing  much  higher  nozzle  velocities,  heat  transfer  rates  and 
Reynolds  numbers. 

The  primary  fuel  circuit  is  always  used  and  provides  good  droplet  atomization  at  low  fuel  flows.  At 
higher  fuel  flows,  the  secondary  circuit  kicks  in  (usually  around  100-115  psi  difference)  and  eventually 
supplies  virtually  all  of  the  fuel  flow  at  higher  nozzle  delta  P's.  Note  that  the  items  asterisked  are  those 
considered  the  most  critical  with  regard  to  thermal  stability  by  the  P&W  Combustion  Design  Group. 
Specific  values  at  the  critical  flight  points  (high  Mach  number,  high  altitude)  are  shown  in  Table  5. 

♦  Main  Burner  Nozzle  Materials  For  Near-Term  Advanced  Engine 

Main  burner  nozzle  materials  for  a  near-term  future  engine  are  shown  in  Table  4. 

♦  Fuel  Pump  And  Fuel  Control  Materials  For  Typical  Current  Engine 

Castings  arc  typically  made  of  C-355  and  CO-356  aluminum.  Internal  parts  arc  AMS  5616,  5735,  5688, 
5630.  AISI  410,  CPM  10- V  and  other  similar  material. 

♦  After  Burner  Spray  RtngiSpray  Bar  Materials  For  Current  And  Near-Term  Advanced  Engines 

After  burner  spray  rings/spray  bars  in  typical  current  engines  arc  made  of  Waspaloy.  Near-term 
advanced  engine  spray  rings  will  be  made  of  Inco  625  (high  nickel  alloy). 

4.3  Critical  Fi  el  System  Par,\meters 

The  fuel  system  parameters  widely  agreed  upon  as  being  among  the  most  critical  were  lime,  temperature 
and  pressure.  Of  these,  fuel  system  pressures  are  considered  the  easiest  to  simulate.  Pressure  is  very 
important  since  high  fuel  temperatures  resulting  from  increasing  heat  loads  in  air  vehicles  may  result  in 
two-phase  and/or  supercritical  conditions.  These  high  fuel  temperatures  will  make  it  difficult,  if  not 
impossible,  to  trade  time  for  temperature  in  test  devices.  Thus,  it  may  become  necessary  to  operate  the 
le.si  device  at  actual  temperatures  which  will  result  in  very  long  test  limes  unless  a  very  sensitive  means 
of  measuring  decomposition  is  developed. 

Flow  rate,  velocity,  and  Reynolds  number  were  also  considered  very  important.  Deposit  erosion, 
variations  in  average  fuel  temperature,  and  extent  of  deposition  can  be  affected  by  these  parameters  and 
can  be  very  significant  in  trying  to  u.se  results  from  a  lest  device  to  predict  fuel  performance  in  fuel 
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system  components  with  widely  varying  conditions.  The  thing  that  makes  it  difficult  to  simulate  these 
parameters  is  that  all  are  important  and  to  simulate  all  three  you  would  have  to  vary  the  cross-sectional 
area  of  the  test  device  in  addition  to  varying  the  flow  rate. 

Materials  exposed  to  the  fuel  can  be  very  important  due  to  the  catalytic  effect.  Simulating  or  duplicating 
the  material  type  can  be  very  difficult  or  relatively  easy  depending  on  the  design  of  the  test  device.  For 
example,  it  is  difficult  to  change  materials  in  a  test  device  that  is  heated  by  passing  current  directly 
through  a  test  section  due  to  wide  differences  in  resistivity  of  the  materials.  Conversely,  it  is  easy  to 
change  materials  in  static  test  devices  that  are  heated  externally. 
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TABLE  1 

TYPICAL  CURRENT  ENGINE  THERMAL  MANAGEMENT  SYSTEM 
MAXIMUM  FUEL  TEMPERATURES, °F 


Ground 

Subsonic 

Supersonic 

Idle 

250 

200 

260 

160 

255 

290 

245 

320 

220 

*350 

lafnntumi 


Engine  Fuel 
Pump  Exit 

FuelA)il  Cooler 
Exit  and  Into 
Gas  Generator 


*  Highest  temperature  during  transient  condition.  Derived  from  a  series  of  steady  state 
conditions.  Transient  model  not  available. 


TABLE  2 

NEAR-TERM  ADVANCED  ENGINE  THERMAL  MANAGEMENT  SYSTEM 
FUEL  TEMPERATURES, “F 


Ground 


Subsonic 


Supersonic 


taimwiam 


Main  Fuel 
Pump  Exit 

Fuel/Oii  Cooler 
Exit  and  Into 
Gas  Generator 


Maximum  fuel  temperature  of  325°F  i.s  maintained  by  recirculation  system 


TABLE  3 

NEAR-TERM  ADVANCED  ENGINE  THERMAL  MANAGEMENT  SYSTEM 
COMPONENT  RESIDENCE  TIMES,  SECONDS 


TABLE  4 

HOT  SECTION  FOR  NEAR-TERM  ADVANCED  ENGINE  OVER  ENTIRE  ENVELOPE 


Fuel  Passage  Diameter  (inch) 

0.02 

0.188 

Flow  Velocities  (ft/sec) 

0.1  (stem) 

150(stem) 

Reynolds  Number 

45  (stem) 

886,000(siem) 

Fuel  Residence  Time  (sec) 

0.02 

1.80 

Fuel  Temperature  (°F) 

200 

325 

Metal  Temperature  (Wetted  Surfaces)  ("F) 

200 

400 

Pressures  (psia) 

30 

1200 

Fuel  Passage  Materials;  347  SS,  Hastelloy  X,  Stellite  31. 440C  SS 
Fuel  Filter  Materials;  304  SS,  321  SS,  347  SS 
Fuel  Filter  Pore  Size;  380  micron  total  flow;  117  micron  primary  flow 
Fuel  Filter  Area;  0.9  -  1.0  sq.  in. 
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TABLE  5 

HOT  SECTION  FOR  NEAR-TERM  ADVANCED  ENGINE  AT  CRITICAL  FLIGHT  POINTS 


Primary 

Secondary 

Cirr.uil 

Circuit 

*  Minimum  Fuel  Passage  Diameter 

0.02 

0.05 

How  Velocity  (at  min.  dia.,  ft/sec) 

90 

20 

*  Reynolds  Number  (from  above  values) 

25,000 

14,000 

Fuel  Residence  Time  in  Nozzle  (sec) 

1.5 

1.6 

Fuel  Temperature  Entering  Nozzle  (°F) 

300 

300 

*  Metal  Temperature  (°F) 

350 

400 

Pressure  difference  (psi) 

135 

135 

♦  Nozzle  Flow  Rale  (Lb./min.) 

0.75 

1.07 

*  Represents  worst  case  coking  conditions.  Although  not  the  highest  fuel  temperatures, 
under  these  conditions  experience  the  hottest  wall  temperatures  (walls  are  insulated). 


4.4  Flight  CoNDtxtoNs  Affecting  Components  Sensitive  To  Fuel  Thermal  Stability 

Fuel  thermal  stability  problems  generally  arise  during  flight  conditions  involving  high  fuel  temperatures 
and  high  nozzle  environmental  (metal)  temperatures.  For  engines  without  recirculating  flow,  these 
conditions  typically  occur  at  high  altitude  flight  points  at  augmented  and  non-augmenied  conditions. 
Fuel  temperatures  at  the  nozzle  inlets  are  high  at  the  upper  left  hand  comer  of  the  flight  envelope  at  low 
Mach  numbers  where  engine  bum  flow  is  low.  They  are  also  high  at  the  upper  right-hand  comer  of  the 
envelope  at  high  Mach  numbers  where  inlet  air  to  the  engine  is  aerodynamically  the  hottest. 

For  engines  requiring  recirculating  fuel  systems,  high  fuel  temperatures  typically  occur  during  steady 
state  cmise  between  0.5  and  0.8  Mach  number  from  low  altitude  (sea  level)  to  high  altitude  (>50,000 
feet).  High  nozzle  environmental  temperatures  generally  occur  at  high  Mach  numbers. 
Augmented/military  power  points  above  cruise  power  are  of  short  duration.  They  will  have  higher  total 
fuel  flows  and  thus  reduced  fuel  temperatures  entering  the  nozzle. 

The  relationship  between  altitude  and  Mach  number  to  fuel  temperature  and  metal  temperature  can  be 
described  as  follows:  Fuel  temperature  goes  up  as  fuel  flow  goes  down.  Increasing  altitude  decreases  fuel 
flow  for  a  given  throttle  setting,  thereby  raising  fuel  temperature.  Increasing  Mach  number  at  a  constant 
altitude  requires  a  higher  throttle  setting  which  increases  fuel  flow  and  decreases  temperature.  Increasing 
Mach  number  also  raises  ram  air  temperature  and  causes  nozzle  environmental  temperature  to  rise. 

Altitude  reduces  engine  fuel  flow  rale  as  the  mass  of  air  pumped  by  the  engine  decreases  with  air  density. 
As  fuel  flow  decreases,  the  fuel  heat  sink  capacity  decreases  and  heat  rejected  from  fuel  system 
components,  lube  system,  and  avionics  to  a  smaller  heat  sink  results  in  a  higher  temperature  rise  of  the 
fuel.  In  general,  the  smaller  the  heat  sink  becomes,  the  higher  the  temperature  of  the  sink  becomes.  For 
recirculating  flight  engines,  recirculation  flow  is  used  to  increase  the  heat  sink  capacity  which  carries 
away  heat  in  order  to  avoid  high  fuel  temperatures.  Recirculation  systems  result  in  higher  tank 
temperatures  and  system  weights. 

For  non-rccirculaiing  flow  engines,  the  following  summarizes  the  effect  of  altitude  and  Mach  number  on 
fuel  flow  and  fuel  temperatures. 
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•  Condition:  High  Altilude/High  Mach  Number 

Kcsult:  Moderate  fuel  flow  — ->  Moderate  fuel  residence  time  - — >  High  fuel  temperatures  - — > 
High  nozzle  temperatures  — ->  Potential  for  thermal  stability  problems 

♦  Condition-  High  Altitude/Low  Mach  Number 

Result:  Low  fuel  flow  — >  Increased  fuel  residence  time  — >  High  fuel  temperatures  — >  Low  nozzle 
temperatures  — >  Potential  for  thermal  stability  problems 

•  Condition:  Low  Altitude/Low  Mach  Number 

Result:  High  fuel  flow  rates  — >  Decreased  fuel  residence  time  — >  Low  fuel  temperatures  — >  Low 
nozzle  temperatures  — >  Little  potential  for  thermal  stability  problems 

•  Condition:  Augmented  Power  Points 

Result:  High  fuel  flows  -->  Decreased  fuel  residence  lime  — >  Low  fuel  temperatures  — >  High 
nozzle  temperatures  — >  Some  potential  for  thermal  stability  problems 

For  recirculating  flow  engines,  the  following  summarizes  the  effect  of  altitude  and  Mach  number  on  fuel 
flow  and  fuel  temperatures. 

♦  Condition:  High  Altitude/High  Mach  Number 

Result:  Moderate  fuel  flow  — ->  Moderate  fuel  residence  time  — ->  Relatively  high  fuel 
temperatures  — ->  High  nozzle  temperatures  — ->  Potential  for  thermal  stability  problems 

*  Condition:  High  Aliitudc/Low  Mach  Number 

Result:  Low  fuel  flow  — >  Increased  fuel  residence  time  — >  High  fuel  temperatures  --->  Low  nozzle 
temperatures  — >  Potential  for  thermal  stability  problems 

•  Condition:  Very  Low  Altitude  (<5000  feeOA'ery  Low  Mach  Number(<0.3) 

Result:  High  fuel  flow  rates  — >  Decreased  fuel  residence  time  — >  Low  fuel  temperatures  — >  Low 
nozzle  temperatures  — >  Little  potential  for  thermal  stability  problems 

*  Condition:  Low  Aliitude/High  Mach  Number 

Result:  High  fuel  flow  rates  — >  Decreased  fuel  residence  time  — >  Low  fuel  temperatures  — >  High 
nozzle  temperatures  -->  Little  potential  for  thermal  stability  problems 

•  Condition:  Augmented  Power  Points 

Result:  High  fuel  flows  -->  Decreased  fuel  residence  time  — >  Low  fuel  temperatures  — >  High 
nozzle  temperatures  — >  Some  potential  for  thermal  stability  problems 

The  highest  fuel  temperatures  arc  normally  experienced  on  an  idle  descent.  Although  the  time  is  short  at 
each  altitude,  the  cumulative  time  could  be  10  to  30  minutes  or  longer.  During  idle  descent,  Mach 
number  is  low,  altitude  is  high,  fuel  flow  is  low,  residence  lime  is  high,  and  fuel  temperature  is  high. 
Component  temperature  reflects  fuel  temperature  and  would  be  high,  although  ambient  temperature 
would  be  low. 


442 


Loiter  also  resulLs  in  prolonged  high  fuel  temperature.  Loiter  is  similar  to  the  above  except  fuel  flow  is 
higher  and  the  condition  is  sustained  for  longer  periods  of  time.  Loiter  usually  occurs  at  the  lowest 
throttle  setting  and  fuel  flow  rate  that  will  allow  the  aircraft  to  sustain  the  desired  altitude. 

For  engines  without  recirculation  flow,  the  aircraft  can  fly  indefinitely  without  adverse  effects  below  a 
maximum  altitude  boundary.  The  boundary  is  fixed  by  maximum  fuel  temperatures  of  325°F  and 
maximum  engine  oil  supply  temperatures  of  330°F.  At  altitudes  above  the  boundary,  flight  is  time 
limited.  Experience  has  shown  that  there  is  no  adverse  effect  during  the  time-limited  flights.  This 
altitude  limit  could  be  raised  if  the  cause  of  fuel  deposits  and  breakdown  was  better  understood. 

In  addition  to  the  above  discussion,  an  interesting  condition  has  been  observed  which  accelerates  coke 
buildup.  This  condition  was  noticed  during  the  course  of  a  P&W  program  which  required  ongoing  visual 
inspection  of  coked  regions  of  augmentor  spray  rings.  The  visual  observations  were  related  to  specific 
engine  conditions  experienced  during  test  and  in  the  field.  The  observations  indicated  that  only  minimal 
lacquering  takes  place  during  fuel  flow.  The  lacquering  is  the  consequence  of  lonj  lime  exposure  to 
temperature  and  is,  in  itself,  of  little  significance.  In  a  typical  military  flight  scenario,  fuel  is  heated  as  it 
travels  through  the  fuel  system  on  its  way  to  the  combustor  and/or  augmentor  to  be  burned.  Generally, 
the  fuel  flow  rate  is  high  enough  to  limit  serious  fuel  decomposition.  However,  during  flight  when  the 
augmentor  is  shut  off,  spray  ring  temperatures  rise  considerably,  going  from  about  350°F  (177°C)  to 
1000°F  (538°C)  and  higher  in  some  areas.  The  fuel  left  in  these  rings  boils  as  a  result  of  the  soak-back 
temperatures  and,  with  no  where  to  go,  degrades  rapidly  to  form  insoluble  ’sticky’  products.  The  same 
scenario  occurs  in  the  combustor  fuel  nozzles  at  engine  shut  down.  Since  the  augmentor  is  cycled  on  and 
off  more  frequently  than  the  engine  is,  it  is  understandable  that  the  augmentor  fuel  plumbing  would  have 
a  higher  coking  rate  than  the  combustor  fuel  nozzles. 

Manifold  drain  valves  which  open  when  the  engine  or  augmentor  is  turned  off  and  rapidly  drains  the  fuel 
out  of  the  hot  manifolds  and  nozzles  has  been  an  historical  solution  to  this  problem.  However, 
environmental  considerations  and  the  need  to  eliminate  augmentor  cancellation  "signature"  has 
eliminated  or  degraded  the  benefits  of  the  manifold  drain  valves. 

Another  troublesome  condition  occurs  in  engines  asing  duplex  fuel  nozzles  and  separate  feed  manifolds. 
The  fuel  "split"  is  normally  controlled  by  an  externally  mounted  flow  divider  valve.  As  the  flow  rate 
approaches  the  transition  po.nt  where  the  second  manifold  begins  to  flow,  the  flow  divider  schedules  a 
very  low  or  e.s.scntially  a  leakage  flow  into  the  secondary  feed  line  and  nozzle.  The  flow  is  very  low, 
almost  zero,  and  boils  off  almost  as  fast  as  it  leaks  which  forms  the  same  heavy  deposits  as  noted  in  the 
spray  rings  and  feed  tubes  of  the  augmentor. 

Similar  deposits  occur  in  fuel  operated  valves  which  control  hot  engine  air  flow  where  fuel  is  on  one  end 
of  a  shaft  and  hot  air  is  on  the  other.  Heat  transfer  down  the  shaft  can  form  heavy  coke  deposits  on  the 
fuel-wetted  end  of  the  shaft.  If  the  .seal  leaks,  a  similar  buildup  occurs  on  the  air  side. 

4.5  Type  of  I.neormation  Needed  by  Fi  el  System  Designers  and  Flel  Developers 

Input  from  fuel  users,  fuel  system  designers,  and  fuel  developers  ranged  from  the  general  to  the  specific. 
Within  the  hardware  design  and  the  fuel  developer  constituencies,  respectively,  there  was  general 
agreement  in  the  type  of  information  that  is  needed.  Conflicting  views,  however,  were  apparent  in  the 
constraints  under  which  the  information  would  be  truly  meaningful.  One  point  of  view  argued  that  in 
order  for  the  data  to  be  meaningful,  the  fuel  system  environment  should  be  duplicate  in  a  lest  rig.  The 
other  point  of  view  emphasized  that  the  test  need  not  duplicated  engine  conditions,  but  need  only  to 
provide  data  on  a  laboratory  scale  which  can  be  used  to  predict  how  a  fuel  will  behave  in  the  fuel  system. 
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The  following  paragraphs  describe  both  in  general  and  specific  terms,  the  type  of  information  perceived 
as  important  to  the  fuel  system  designer  and  fuel  developer  as  related  through  industry  and  milit5’'y  input. 
These  are  contributors  thoughts  and  should  not  be  construed  as  final  conclusions  of  the  study. 

Fuel  Users 

From  a  fuel  user's  point  of  view,  a  thermal  stability  test  rig  should  indicate  which  fuels  are  acceptable, 
and  more  importantly  which  are  not. 

Hardware  Designers 

A  fuel  system  designer  needs  to  be  able,  given  the  conditions  within  the  entire  fuel  system,  to  predict  the 
performance  degradation  of  each  component  as  a  function  of  time  for  various  flight  profiles.  This  cannot 
be  accomplished  considering  only  the  conditions  within  individual  components  .since  preconditioning  of 
the  fuel  upsueam  of  the  component  can  have  a  significant  impact  on  the  extent  to  which  the  performance 
of  the  component  is  affected. 

From  a  hardware  designer's  point  of  view,  a  test  rig  should  indicate  the  maximum  fuel  and  surface 
temperatures  which  can  be  tolerated  to  provide  trouble  free  operation  given  conditions  of  surface  material 
and  finish,  Reynolds  number,  velocity,  residence  time,  pressure,  and  heat  transfer.  In  brief,  the  test  rig 
results  should  be  relatable  to  what  actually  occurs  in  an  engine. 

A  lest  rig  is  desired  which  will  permit  evaluation  of  thermal  stability  characteristics  of  fuels  over  a  wide 
range  of  temperature,  hydrodynamic  and  surface  material  conditions  with  a  minimum  of  testing.  For 
example,  it  should  be  able  to  establish  thermal  stability  break  points  in  a  single  run  and  should  determine 
whether  a  given  fuel  might  present  a  problem  at  a  lower  temperature  while  seeming  to  be  acceptable  at 
higher  temperatures.  The  test  rig  should  also  have  a  reasonably  precise,  reproducible,  and  quantitative 
means  of  evaluating  its  results. 

The  designer  wants  fuel  information  in  terms  of  engineering  properties  that  can  be  used  in  calculations. 
This  could  include  maximum  allowable  temperatures  for  some  specific  time  interval.  Rate  of  deposition 
versus  temperature  for  different  component  materials  would  provide  useful  information.  It  is  necessary 
to  define  the  range  of  available  fuels  to  provide  the  designer  some  landmarks.  There  is  a  desire  for  a  test 
which  profiles  fuel  characteristics  that  can  be  related  to  engine  conditions  such  that  maximum  allowable 
conditions  can  be  formulated.  The  conditions  at  which  the  onset  of  deposition  occurs  need  to  be 
determined.  If  a  component  must  operate  in  a  regime  where  degradation  occurs,  the  rate  of  deposition 
and  effect  of  deposits  on  system  performance  must  be  determined. 

Other  input  suggested  that  relevant  design  features  of  a  test  apparatus  should  include: 

•  Both  dynamic  and  static  fuel  delivery  systems. 

•  A  fuel  flow  regime  similar  to  that  in  the  aircraft  fuel  system,  i.e.,  turbulent  rather  than  laminar  flow  to 

model  passages  through  fuel  management  controls  and  heat  exchanger  elements. 

•  Operating  temperature  raised  over  that  in  the  aircraft  system,  in  order  to  accelerate  the  deposit  forming 

process  and  make  it  practical  for  test  purposes. 

The  P&W  Combustor  Design  Group  suggested  that  from  a  fuel  nozzle  designer's  standpoint,  thermal 
stability  testing  should  address  three  areas  of  concern  in  nozzle  design.  These  include: 

1  )  Coking  of  the  small,  high  velocity  fuel  passages  in  the  nozzle  lip  which  can  produce  an  unacceptable 
reduction  in  flow  rate. 
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2. )  Coking  of  the  relatively  large,  low  velocity  passages  in  the  fuel  nozzle  stem  which  can  produce  an 

unacceptable  reduction  in  flow  rate  through  either  restriction  of  the  passage  or  through  coke  flaking 
which  can  plug  the  smaller  passages  in  the  tip. 

3. )  Gumming  or  coking  of  the  distribution  valves  which  can  produce  unacceptable  flow  hysteresis. 

Thus,  a  thermal  stability  test  should  include  the  following  elements: 

•  A  "standard"  pressure  atomizing  fuel  nozzle  or  orifice  configuration  with  passages  on  the  order  of 
0.020  inch.  The  nozzle  should  be  encased  in  insulation  to  ensure  similar  liquid  and  passage  temperatures. 
Flow  versus  pressure  drop  characteristics  would  be  monitored  as  a  function  of  fuel  temperature  and  hours 
of  operation. 

•  A  heated  tube  test  similar  to  the  current  JFTOT  test  but  with  quantitative  measurement  of  deposition 
on  the  tube  as  a  function  of  fuel  temperature,  wall  temperature  and  hours  of  operation.  A  filter  screen 
with  0.020  inch  passages  should  be  installed  downstream  of  the  heated  tube  and  its  pressure  drop 
monitored  to  address  flaking.  The  heated  tube  should  be  vibrated  to  simulate  engine  vibration. 

•  A  "standard "  sliding  spool-in-sleeve  valve  periodically  cycled  over  a  range  of  fuel  flows.  Growth  in 
hysteresis  should  be  monitored  as  a  function  of  fuel  temperature  and  hours  of  operation. 

The  following  is  a  cumulative  list  of  the  type  of  information  that  fuel  system  designers  say  is  needed 
from  a  thermal  stability  lest.  Different  component  groups  or  disciplines  within  industry  perceived 
different  specific  needs  based  on  specific  component  areas.  The  following  applies  to  one  or  more  of  the 
components  identified  a.s  affected  by  thermal  oxidative  stability. 

Onset  And  Rate  Of  Deposition  Ar  A  Function  Of: 


•  Fuel  Type 

•  Fuel  Temperature 

•  Metal  Type  and  Surface  Finish 

•  Fuel  Flow  Rate  (Turbulent  and  Laminar) 

•  Fuel  Velocity 

•  Pressure 

•  Thermal  Prestre^^ing 

•  Cyclic  Operation 

•  Heat  Soaking 

Additional  Needed  Information  Includes: 

•  /  hermal  Conductivity  of  Deposits  (i.e.  the  effect  of  deposits  on  heat  transfer) 
Frrm  In  Which  Data  Should  Be  Generated: 

•  Deposit  Thickness 

•  Deposit  Mass 

•  Heat  Transfer  Coefficients 

•  JF'TO  I  B  reak  Po  in  ts 
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Fuel  Developers 


The  needs  Oi''  the  fuel  developer  are  similar  in  many  respects  to  that  of  the  fuel  system  designer,  that  is, 
there  is  a  need  to  know  the  environmental  conditions  influencing  the  onset  and  rate  of  deposition  (e.g. 
fuel  type,  temperature,  etc  ).  In  addition,  a  fuel  developer's  efforts  are  focused  on  studying  the  chemistry 
involved  in  the  deposition  process.  The  type  of  information  needed  is  that  which  will  permit  a  better 
understanding  of  the  following; 

•  Auloxidaiion  process 
■  Intermediate  species 

•  Nature  of  deposits 

•  Idcnlilv  and  concentration  of  reactive  species 

•  Role  of  compounds  containing  heiero  atoms 

•  How  and  where  dept)su.s  are  formed  (bulk  fuel  or  boundary  layer) 

•  How  hulk  fuel  deposits  are  transptirted  to  surface  and  what  makes  them  adhere  to  surface 

•  How  incipient  deposits  grow 

•  Role  of  component  suriace  materials  and  fintshes 

•  How  fuel  chemistry  can  be  modified  to  resist  deposition 

•  How  fuel  chemistry  can  be  modified  to  reduce  deposition 

•  What  fuel  additives  arc  effective  and  how  they  work 

•  Role  of  dissolveti  oxygen  and  trace  impurities  in  the  fuel 

•  Which  iu<-l  constituents  conmibulc  to  stability  and  which  ones  degrade  thermal  stability 

•  F.itccts  OI  diflercnt  rctming  processes 

•  Chemical  onset  of  mstahility  and  formation  of  insolubles  in  a  fuel 

•  .■\ctivaiion  Fnergics 

•  Pro  ex|X)neniial  laclois 

•  Basis  lor  a  predictive  mixlel 

I  he  complexity  ol  ihe  chemical  priKCsses  involved  in  the  above  are  well  beyond  the  scene  of  a  single 
lest  apparatus,  mcthiHl,  or  approach  However,  a  well  instrumented,  multifaceted,  test  device  could  be 
u  ed  m  voniunciion  with  a  senes  ol  well  defined,  closely  conirolled  experiments  to  provide  greater 
insight  lino  ihc  ctucsiions  [xised.  Computational  lluid  dynamic  mcxlcls  coupled  with  lucl  degradation 
sbeiTiisirv  ci>uld  signific  anllx  aid  in  this  cnd<‘avor.  .Vkxlcling  can  help  design  experiments  and  interpret 
;hc  results  ,A  primary  design  requiremeni  lor  a  laboratory  scale  test  device  is  the  ability  to  generate 
meamnglu!,  cpi.iniiialne  daia  ihai  can  Ix’  used  in  the  development,  'ii'alilicalion,  and  evaluation  of 
coinpi.miidii.il  iiHxlels 
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There  was  wide  spread  agreement  that  the  fuel  researcher  needs  to  relate  quality  to  chemical  composition 
parameters.  The  test  result  should  allow  him  to  quantitatively  rank  fuels  by  their  deposit  forming 
tendencies.  He  is  helped  in  his  understanding  of  the  deposition  process  by  having  knowledge  of  the  point 
of  incipient  deposit  formation  as  well  as  the  magnitude  cf  deposit.  The  point  of  incipient  depoai: 
formation  is  preferably  defined  by  the  temperature  at  which  insolubles  begin  to  appear  in  the  test  device 
operated  under  specified  conditions.  Suggestions  for  measuring  incipient  deposits  included  light 
reflectance  methods.  Suggestions  for  determining  the  magnitude  of  deposit  included  measurement  of 
thickness,  weight,  or  carbon  content.  In  addition,  it  was  suggested  that  the  thickness  of  the  deposit  layer 
could  well  be  inferred  from  indirect  measurements  such  as  conductivity,  dielectric  breakdown,  or 
intertcrometry.  Further,  a  fuel  developer  needs  a  laboratory-scale  test  device  that  can  provide  real  time 
data  acquisition  in  terms  of  deposit  rates  and  chemical  compositional  changes. 

4.6  CAPABILITtES  A.NI)  LIMITATIONS  OF  CL  RRENT  TEST  DEVICES 
♦  JET  FUEL  THERMAL  OXIDATION  TESTER  (JFTOT) 

The,  JFTOT  test  is  an  accepted  ASTM  test  method  (ASTM  D3241).  It  is  the  most  widely  used  laboratory 
seale  test  device  for  ranking  the  thermal  stability  properties  of  jet  fuels. 

How  It  Works 

In  the  JFTOT  apparatus,  the  fuel  under  test  moves  from  a  reservoir  at  3  milliliters  per  minute,  pas.ses 
through  a  0.45-micron  filter,  and  enters  a  test  housing  where  it  flows  over  a  rcsislively  heated  polished 
aluminum  tube.  Upon  exiting  the  test  housing,  the  fuel  flows  through  a  17-micron  filter  where  insoluble 
degradation  products  are  captured,  and  then  returns  to  the  top  of  the  reservoir.  The  spent  fuel  is  separated 
from  the  fresh  fuel  by  a  rubber-sealed  piston  which  descends  in  the  reservoir  as  the  fresh  material  is 
withdrawn.  The  JFTOT  fuel  system  is  pressurized  with  nitrogen  at  500  pounds  per  square  inch  (psig) 
during  operation.  Standard  test  conditions  are  2.5  hours  at  SOC^F  (260X)  for  MIL-T-5624,  MlL-T-83133 
(JP-4  /  JP-5  and  JP-8,  respectively),  and  Jet  A  type  fuels.  Standard  test  conditions  fer  MIL  T  38219  (JP- 
7)  are  5.0  hours  at  67UF(355°C). 

Thermal  stability  of  the  fuel  is  detennined  by  its  propensity  to  lacquer  the  heated  tube  or  block  the  17- 
micron  filter.  The  color  of  the  lacquer  is  assessed  via  simple  visual  comparison  to  a  standard  ASTM 
color  chart.  Military  specifications  require  that  under  standard  test  conditions,  the  color  of  the  lacquer 
produced  not  be  darker  than  a  visual  code  rating  of  less  than  3.  In  addition,  pressure  drop  across  the  17- 
micron  filter  must  be  less  than  25  millimeters  (mm)  of  mercury.  Although  not  part  of  the  ASTM 
procedure,  the  thermal  stability  "break  point"  of  a  fuel  is  defined  within  industry  and  the  military  as  the 
highest  temperature  at  which  the  fuel  can  be  tested  and  still  yield  a  passing  test  result.  The  repeatability 
of  this  break  point  temperature  measurement  is  approximately  10"  F  (5°C). 

Limitations 

Ljiminar  Flow 


There  is  general  concern  that  the  JFTOTs  laminar  flow  docs  not  accurately  reflect  flow  dynamics  in 
aircraft  luci  systems.  Calculated  Reynolds  numbers  for  the  JFTOT  and  the  TOFF  (Thermal  Oxidative 
Fouling  rcsicn  arc  approximately  16  and  .54.  respectively.  Reynolds  numbers  more  representative  of  an 
aircraft  fuel  system  are  m  the  range  of  5,(X)0  to  25, (XK)  (in  some  cases  higher). 

As  a  point  of  interest,  the  effect  of  How  rate  and  liicl  temperature  on  Reynolds  number  (Re)  were 
calculated  for  the  HLPS  configuration  and  are  shown  below.  All  calculations  arc  based  on  a  test  section 
inlet  diameter  of  2.5  mm  and  JP-8  viscosities  at  25,  260,  and  .300‘"C  (77,  ,5(X),  and  572"'F). 
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•  Re  at  3  mL/minule  and  25°C  =  16 

•  Re  ai  3  ml/minuie  and  260®C  =  118 

•  Re  at  10  ml/minule  and  25°C  =  54 

•  Re  at  10  ml/minule  and  260°C  =  379 

•  Flow  rate  required  for  JFTOT  to  achieve  Re  4,000  at  25°C 

706  ml/minuie  (i.c.  106  Liters  /  2.5  hour  test) 

•  Flow  rate  required  for  JFTOT  to  achieve  Re  4,000  at  300°C 
=  87  ml/minutc  (i.e.  13.1  Liters  /2.5  hour  test) 

•  Flow  rate  required  for  JFTOT  to  achieve  Re  7,000  at  25°C 
=  1237  ml/minute  (i.e.  185.6  Liters  /  2.5  hour  te.st) 

•  Flow  rate  required  for  JFTOT  to  achieve  Re  7,0(X)  at  300*^0 
=  152  ml/minute  (i.c.  22.9  Liters  /  2.5  hour  lest) 

Mass-Transfer  Effects 

According  to  Shell  Thornton  Rc.search  Center,  flow  rate  and  activation  energy  experiments  indicate  that 
mass  transfer  effects  as  well  as  chemical  reactions  may  dominate  the  JFTOT  deposition  process.  Shell 
attributes  the  formatvon  of  a  stagnant  boundary  layer  to  the  JFTOTs  laminar  flow.  Fuel  flow  within  a 
turbulent  regime  would  ensure  a  test  which  responds  more  to  fuel  chemistry  and  is  less  dependent  on 
physical  transport  (i.e.  the  rate  in  which  reactants  diffuse  from  the  bulk  fuel  into  the  stagnant  boundary 
layer). 

Sensiiiviry  To  Surface  Passivating’  Agents 

It  has  been  suggested  that  the  JFTOT  is  overly  responsive  to  the  beneficial  effects  of  surface  passivating 
agents.  If  proven  to  be  a  valid  concern,  longer  test  durations  on  a  stainless  steel  lube  could  resolve  this 
shortcoming.  In  a  re.scarch  environment,  this  would  be  an  acceptable  approach.  For  specification  testing, 
longer  test  periods  would  not  be  desirable, 

Fuei  Preheating 

Lack  of  fuel  preheating  is  considered  by  some  researchers  to  be  a  shortcoming  of  the  standard  JFTOT  test 
procedure.  This  is  because  it  fails  to  simulate  aircraft  fuel  systems  in  which  bulk  fuel  temperatures  in 
excess  of  UX)"C  (212^F)  arc  found.  When  the  JFTOT  replaced  the  CRC  Fuel  Coker  as  the  .standard 
thermal  stability  test,  the  requirement  for  fuel  preheating  was  dropped.  It  was  dropped  because  fuels  had 
a  tendency  to  fail  on  pressure  differential  rather  than  lube  deposits  and  this  was  considered  inconsistent 
with  the  rating  system.  The  JFTOT  apparatus,  however,  has  the  capability  for  main  reservoir  heating  as 
well  as  using  a  Mini  Hcateri  Reservoir. 

f  uel  Prefiltralwn 

1  he  signiticancc  and  requirement  for  the  0.45  micron  prcfiller  has  been  questioned.  The  presence  of  the 
filter  can  affect  JFTOT  results,  particularly  in  cases  of  fuel  contamination.  Filtration  at  the  1 -micron 
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level  ai  refueling  inslallaiions  is  common  place.  Il  has  been  suggested  that  some  prcliliration  on  the 
JFTOT  is  required,  but  that  a  membrane  of  higher  porosity  might  be  more  suitable 

Residence  Time 

In  the  standard  JbTOT  test,  the  fuel  takes  13  seconds  to  traverse  the  heater  test  section  from  inlet  to 
outlet.  In  an  aircraft  fuel  system,  it  takes  typically  less  than  1  second  to  pass  through  the  hottest  parts  ol 
the  heat  exchanger.  In  some  engines  employing  primary  and  .secondary  burners,  lower  flow  rates  and 
hence  longer  soak  periods  can  be  encountered  in  the  burner  .system  itself.  The  HLPS  does  provide  for 
adjustable  flow  rates  from  1  to  10  mL  per  minute  in  which  to  affect  residence  times. 

Tube  Material 

JFTOT  tube  composition  is  critical  in  determining  the  extent  of  fuel  degradation  and/or  the  formation  of 
tube  deposits.  Visual  ratings  using  ASTM  color  .standards  is  reliant  upon  the  use  of  aluminum  tubes.  Use 
of  aluminum  tubes  limits  high  temperature  fuel  investigations  because  they  begin  to  deform  at 
temperatures  above  7()0°F  (371^C).  Some  rc.scarchers  conclude  that  the  aluminum  tube  exerts  a  rate- 
determining  effect  on  deposition.  It  has  been  reported  that  at  high  temperatures,  migration  of  magnesium 
in  the  alloy  to  the  tube  surface  forms  a  magnesium  oxide  layer  which  passifies  deposit  lormation.  Other 
re.scarchers  have  been  unable  to  substantiate  this  conclusion.  NRL  reports  that  carbon  bum-off  analysis 
has  shown  that  use  of  stainless  steel  lubes  leads  to  increased  levels  of  deposit.  Fuels  are  ranked  in  the 
same  order  of  .stability  as  with  the  aluminum  tubes.  Several  researchers  have  concluded  that  il  is  more 
appropriate  to  use  stainless  steel  lubes  for  fuel  studies. 

Deposit  Assessment 

The  JFTOT  test  has  been  useful  over  the  years  as  a  quality  control  test.  Its  usefulness  as  a  research  tool, 
however,  is  limited.  This  is  in  part  due  to  the  subjective  nature  of  the  visual  rating  system  which 
excludes  quantitative  measurements.  In  its  current  configuration,  its  inability  to  provide  rale  data  limits 
studies  directed  at  investigating  the  deposition  procc.s.s  and  environmental  effects.  Early  efforts  to 
quantitate  lube  deposits  focused  on  the  Tube  Deposit  Rater  (TDR).  Ba.scd  on  this  light  reflectance 
methtxl,  a  maximum  TDR  value  of  12  is  required  for  JP-7  per  MlL-T-38219  military  specification.  In 
April  1990,  the  CRC  solicited  Alcor  to  refine  the  TDR  by  way  of  implementing  current  material  and 
design  technology.  Other  attempts  to  quantitate  JFTOT  lube  deposits  have  included  carbon  bum-off, 
gravimetric  analysis,  dielectric  breakdown,  and  interferometry. 

Dielectric  breakdown  and  interferometry  repre.seni  two  of  the  most  unique  approaches.  Dielectric 
breakdown  was  the  fiKu.s  of  the  thermal  stability  Deposit  Measuring  Device  (DMD)  developed  by 
Southwest  Research  Institute  (SWRl).  It  capitali/es  on  the  clccuical  insulation  properties  of  the  vamish- 
likc  JFTOT  lube  deposits.  In  this  method,  an  electrode  is  attached  to  one  end  of  the  JFTOT  tube  and  a 
second  electrode  placed  on  the  deposit  at  the  desired  measurement  location.  Voltage  is  then  applied  and 
increased  until  dielectric  breakdown  occurs  providing  a  mca.surcmcnl  of  deposit  thickness. 

Among  the  most  promising  approaches  for  quantifying  JFTOT  tube  deposits  was  the  Fiber  Optic 
McKlificd-Jet  Fuel  Thermal  Oxidation  Tester  (FOM-JFTOTj  developed  by  the  Naval  Propulsion 
l  aboratory  and  Geo-Centers.  In  this  methotl,  a  fiber  optic  monitoring  system  is  interfaced  with  a  JFTOT. 
I'hc  only  hardware  nnxlification  required  is  replacement  of  the  standard  healer  lube  test  section  with  one 
on  which  fiber  optic  probes  were  mounted.  The  interior  of  the  specially  designed  lest  section  is  circular, 
while  the  exterior  is  square.  Threaded  metal  connectors  for  eight  probes  arc  welded  to  the  exterior  in  a 
spiral  arrangement  along  the  length  of  the  heater  tube  between  stations  28  and  48  millimeters  (mm).  The 
ends  of  the  probes  are  flush  with  the  interior  surface  of  the  heater  tube  holder  and  are  designed  to  be  non 
intrusive  to  the  fuel  flow.  The  probe  positions  correspond  to  the  ASTM  D3241  temperature  profile  for 
aluminum  lubes.  Because  the  probes  arc  located  at  positions  of  different  temperature  along  the  tube,  the 
deposition  rate  at  ciich  of  these  temperatures  can  be  determined  form  a  single  JFTOT  run. 
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The  FOM-JFTOT  system  includes  an  electric-optic  module  which  contains  both  a  source  and  a  detector 
for  each  probe.  Each  probe  consists  of  a  fiber  optic  bundle  containing  seven  fibers.  The  light  from  the 
source  is  transmitted  through  one  fiber  to  the  heater  tube.  The  light  is  reflected  back  from  the  heater  tube 
and  deposit  surface  through  the  remaining  six  fibers  to  a  photo  detector.  A  personal  computer  receives 
and  stores  the  data  obtained  during  the  run.  An  inverted  plot  of  reflected  light  intensity  (attenuation) 
versus  time  is  continuously  displayed  on  the  monitor  using  a  different  color  for  each  probe.  Each 
minimum  and  maximum  inflection  point  shown  on  the  plot  equates  to  a  deposit  thickness  accumulation 
of  0.14  micron. 

There  are  limitations  associated  with  each  of  the  methods  described  above.  TDR  readings  are  somewhat 
repeatable  but  are  not  proportional  to  the  amount  of  deposit  formed.  The  carbon  combustion  method  is 
extremely  sensitive  to  contamination.  Tube  preparation  includes  preburn-off  and  repolishing.  In  addition 
to  the  tedium,  the  procedure  needs  refining  to  improve  repeatability.  The  Geo-Centers  Interferometry 
method  is  limited  to  a  minimum  thickness  of  0.14  microns  which  equates  to  a  code  4  JFTOT  visual 
rating,  and  assumes  a  typical  refractive  index  for  all  fuel  deposits  of  0.16.  Probes  are  extremely  fragile 
and  expiensive  to  replace.  The  SWRI  dielectric  method  is  limited  to  tube  deposits  which  typically  contain 
more  than  60  micrograms  of  carbon. 

Capabilities 

The  JFTOT  uses  research  quantities  of  fuel.  Time,  temperature,  pressure,  and  flow  rale  arc  controlled. 
Oxygen  levels  from  sample  to  sample  are  controlled  by  sparging  with  air  prior  to  testing.  Break  point 
determinations  permit  a  degree  of  quantification,  permuting  direct  comparisons  of  the  temperature 
capabilities  of  fuels. 

Role  of  JFTOT  Data  in  Fuel  System  Component  Design 

The  Combustion  Design  Group  at  P&W  reported  that  the  JFTOT  has  had  only  a  minor  role  in  fuel  nozzle 
design  and  is  viewed  as  a  method  of  assuring  full  minimum  quality.  It  is  used  as  a  correlating  parameter 
in  assessing  suitability  of  a  nozzle  design  for  operating  on  alternative  fuels. 

Additional  Comments  From  Industry  and  Military  Survey 

There  is  concern  that  the  JFTOT  sometimes  fails  to  screen  out  problem  fuels.  The  most  recent  examples 
of  this  occurred  in  China  and  Brazil.  In  Brazil,  General  Electric  (GE)  engines  experienced  fouling  of  the 
main  fuel  control.  In  China,  GE  CFM  56  engines  experienced  plugging  of  a  main  fuel  control  filler 
screen,  while  P&W  JT8D  engines  experienced  .severe  fuel  pump  and  nozzle  fouling.  In  the  Brazil 
cKcurrcnce,  the  JFTOT  was  unable  to  simulate  fouling  of  GE  engines  in  Boeing  aircraft  when  using 
initial  batches  of  Brazilian  chemically  sweetened  fuel.  In  China,  the  presence  of  carbon  disulfide  in  the 
fuel  was  suspected  of  contributing  to  fouling  of  the  JT8D  nozzles.  However,  JFTOT  experiments  failed 
to  confirm  that  carbon  disulfide  degraded  thermal  stability. 

Since  actual  fuel  samples  from  the  affected  aircraft  were  unobtainable,  it  is  difficult  to  conclude  with 
confidence  that  the  JFTOT  failed  to  screen  out  the  bad  fuels  in  cither  occurrence.  In  the  China  incident, 
a  hardware  problem  is  possible  since  BOCl-E  measurements  performed  on  representative  samples 
indicated  hydrotreating.  Hydrotreated  fuel  would  be  expected  to  have  excellent  thermal  stability 
properUcs.  Nevcr-ihc-less,  because  these  arc  rare  occurrences,  the  majority  of  users  interested  exclusively 
in  quality  control  arc  still  quite  satisfied  with  the  JFTOT  in  its  current  configuration. 

Some  fuel  researchers,  however,  have  misgivings  about  the  JFTOT  lest  and  do  not  believe  it  tells  us 
anything  about  thermal  stability,  other  than  screening  out  the  very  bad  from  the  very  good.  These 
researchers  believes  that  the  Hot  Liquid  FTtKcss  Simulator  (HLPS),  if  run  in  a  non-JFTOT  mode,  may 
offer  some  clues,  especially  when  coupled  with  a  good  way  of  rating  tubes.  These  researchers  believe 
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that  the  United  Technology  Research  Center  (UTRC),  Shell  Thornton,  and  GE  single  tube  heat  exchanger 
work  is  a  step  in  the  right  direction.  Although  there  arc  some  concerns  about  the  configuration  of  some  of 
the  test  equipment,  these  rigs  may  have  the  potential  for  controlling  more  experimental  variables  than  a 
JFTOT.  A  single  tube  heat  exchanger  coupled  with  advanced  diagnostics  is  seen  as  a  promising 
approach. 

For  quantifying  deposits,  the  Nanometric  Interferometry  method  and  carbon  bum-off  are  viewed  as  the 
most  worthy  of  pursuing  at  the  present  time.  Some  researchers  suggested  that  methods  such  as  carbon 
bum-off,  weight  measurement,  direct  accumulation  measurements  by  acoustics  or  laser  diagnostics,  and 
post  test  interferometry  should  be  evaluated.  Analysis  of  the  deposit  on  the  surface  of  the  test  specimen 
using  techniques  such  as  scanning  electron  microscopy.  Auger  spectroscopy  and  other  novel  methods 
should  also  be  explored. 

Other  researchers  believe  that  when  properly  applied,  the  JFTOT  provides  unambiguous  information  on 
fuel  oxidative  thermal  stability.  The  break  point  temperature  identifies  the  temperature  at  which  a  fuel 
will  begin  to  show  evidence  of  insoluble  thermal  stability  degradation  under  very  specific  test  conditions. 
This  was  felt  to  be  a  valid  indication  of  a  fuels  relative  sensitivity  to  thermal  oxidative  reactions.  In  fact, 
tests  have  shown  that  the  JFTOT  ranks  fuels  in  the  same  order  as  the  old  (1960-70)  Air  Force  Fuel 
System  Simulator  and  with  burner  feed  arm/nozzle  fouling  tests.  In  addition,  work  performed  by  UTRC 
for  the  Naval  Air  Propulsion  Center  (N  APC)  showed  break  point  correlation  with  TF-30  nozzle  coking. 

Further  input  suggested  that  the  JFTOT  test  is  controversial  because  of  attempts  to  quantify  deposits, 
especially  at  temperatures  above  and  below  the  break  point  temperature.  The  weight,  volume  or  area  of 
deposit  does  not  provide  the  same  information  as  break  point  temperature  and  attempts  to  correlate  these 
rc.sulLs  may  be  ambiguous. 

Some  researchers  fell  that  given  certain  modifications,  the  JFTOT  could  remain  a  quality  control  test  and 
at  the  same  time  become  significantly  more  useful  in  research  applications.  Suggested  modificalions 
included  double  length  JFTOT  tubes  so  that  the  temperature  scale  is  not  so  greatly  compre.s.sed,  and  a 
means  for  quantifying  mass  or  thickness  as  a  function  of  temperature.  Quantifying  weight  of  deposit  by 
carbon  bum-off,  deposit  thickness  by  interferometry,  and  deposit  composition  by  Auger  speciro.scopy 
could  provide  useful  research  information.  This  information  could  be  correlated  rith  fuel  compositional 
parameters  if  approached  correctly. 

1  he  laminar  flow  regime  of  the  JFIOT  has  been  criticizx;d  because  it  is  not  rcprc.scnlative  of  the  turbulent 
flow  experienced  in  actual  engines,  it  has  not  been  shown,  however,  that  turbulent  flow  is  a  critical 
engine  parameter  (as  an  after  thought,  this  is  true  for  many  other  fuel  system  parameters  -  that's  why  we 
need  a  test).  In  addition,  it  has  been  postulated  'hat  a  mass  transport  effect  dominates  JFTOT  deposition 
due  to  a  stagnant  boundary  layer  induced  by  laminar  flow  m  the  lest  section.  Reactions  occur  m  this 
stagnate  boundary  layer  and  are  governed  by  the  rate  of  diffusion  of  reactants  from  the  bulk  fuel. 

If  mass  transport  is  proven  to  have  a  dominating  effect  on  JFTOT  deposition  due  to  laminar  flow,  and  if  it 
can  be  proven  that  turbulent  flow  is  not  a  critical  parameter  in  actual  engines,  then  any  approach  that 
sufficiently  mixes  the  fuel  to  preclude  a  stagnant  boundary  layer  would  resolve  the  problem.  It  is  ptissiblc 
that  eliminating  the  stagnant  boundary  layer  can  be  accomplished  in  a  much  easier  fashion  than 
attempting  to  incorporate  turbulent  fiow  with  high  Reynolds  number  in  the  JFTOT.  Baffles,  rilling,  or  a 
turbulent  (low  Reynolds  number)  inducing  "dimpled"  lest  section  design  (similar  to  the  design  of  some 
heat  exchanger  tubes),  along  with  increased  tlow  rate,  could  provide  a  manageable  and  straight  forward 
solution. 
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♦  UTRC  RESISTANCE-HEATED  TUBE  RIGS 


How  It  Works 

Small  diameter,  stainless  steel  tubes  of  3  to  8  ft.  length  are  resistively  heated  to  produce  initial  wall 
temperatures  up  to  900°F  (482°C).  Tests  can  be  performed  for  periods  up  to  750  hours.  At  the 
conclusion  of  the  test,  the  tubes  are  sectioned  and  the  carbon  mass  determined  by  carbon  bum-off. 

Limitation;^ 

Although  the  temperature  span  over  a  typical  tube  section  is  small  and  the  mass  well  defined,  the  analysis 
is  labor  intensive  and  growth  can  be  determined  only  at  the  conclusion  of  the  test.  A  multiple-tube 
apparatus  with  three  parallel  legs  has  been  used  to  expedite  the  acquisition  of  data,  but  the  experiments 
remain  time  and  labor  intensive.  In  addition,  as  in  the  JFTOT,  the  effects  of  tube  wall  and  fuel 
temperature  can  not  be  independently  determined,  since  the  heated  wall  is  the  thermal  source.  It  is 
possible,  however,  to  adjust  the  wall/fuel  temperature  difference  by  varying  the  tube  length. 

CapabiliUcs 

Capabilities  include  good  temperature  control,  multiple  temperatures  per  test,  realistic  flow  parameters, 
and  the  ability  to  detenninc  fuel  heat  transfer  properties. 


♦  UTRC  MATERIALS  TEST  REACTOR 
How  It  Works 

The  description  which  follows  is  a  rig  proposed  by  UTRC  and  is  ba.scd  on  refinement  of  a  prototype 
system.  Its  intended  use  is  for  evaluating  the  effects  of  different  materials  and  surface  finishes  on 
deposition  rate.  The  UTRC  Materials  Test  Reactor  (MTR)  incorporates  24.5  mm  diameter  sample  discs 
within  a  3.5  foot  long  rectangular  flow  channel.  Sample  ports  arc  directly  opposite  each  other  at  the  inlet 
and  exit.  This  provides  for  exact  match  of  fuel  conditions  or  allows  optical  access  to  the  samples  across 
the  channel.  Specimens  are  individually  heated  by  small  cartridge  heaters  embedded  in  copper  holders. 
The  temperature  of  each  specimen  is  measured  by  a  thermocouple  at  the  back  side  and  regulated  by  a 
proportional  controller.  Fuel  is  preheated  in  a  separate  upstream  heater  (typically  less  than  350°F).  With 
the  exception  of  a  small  leakage  of  heat  from  the  front  surface  of  the  heated  samples  and  the  copper 
holder  fuel  temperature  is  well  controlled.  Deposition  on  the  planar  samples  is  .neasured  by  carbon  bum- 
off.  Plans  arc  underway  to  incorporate  optical  diagnostics  using  fiber  optic  probes. 


Disadvantages  include  large  fuel  quantity,  large  a.s.scmbly. 

Capabiljiig? 

If  successful,  this  approach  will  permit  several  temperature  /  material  lest  combination.s  to  be  performed 
in  a  single  run.  In  addition,  independent  control  of  fuel  and  wall  temperature  is  possible. 

♦  SHELL  THORNTON  SINGLE-TUBE  HEAT-TRANSFER  RIG  (STHTR) 

The  STHTR  was  developed  to  realistically  .simulate  an  aircraft  fuel  system  and  specifically  examines  the 
degradation  of  fuels  in  a  simulated  fuel/oil  cooler.  The  fuel  undergoes  heating  in  three  stages;  1.) 
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simulated  fuel  tank  heating,  with  a  one  hour  residence  time;  2.)  preheater,  to  reproduce  hydraulics  and 
avionics  coolers;  and  3.)  test  heat-exchanger,  to  simulate  the  oil-cooler.  The  conditions  employed  are 
designed  to  maintain  realistic,  turbulent  fuel  flow.  Fuel  flow  rate  is  13.6  kg/h  with  a  Reynolds  number  of 
5,000.  Fuel  degradation  during  the  24-hour  test  manifests  itself  as  a  brown  lacquer  on  the  inside  of  the 
test  heat-exchanger.  As  the  fuel  passes  through  the  rig  its  stability  is  as.sessed  by  the  rate  of  loss  of  heat 
transfer  efficiency  between  the  test  heat  exchanger  wall  and  the  fuel. 

Limitations 

Requires  large  volumes  of  fuel.  Its  large  scale  more  closely  approaches  a  fuel  system  simulator  than  a 
laboratory  scale  test. 

4.7  Thermal  Stability  Criteria  Currently  Used  in  Fuel  System  Component  Design 

The  thermal  stability  criteria  most  used  in  fuel  nozzle  design  is  field  experience.  Coking  data  generated 
in  heated  tube  rigs  has  been  used  on  a  limited  basis  and  has  been  useful  in  determining  the  effect  of  wall 
temperature  on  hours  of  operation.  Coking  rates  are  also  monitored  during  actual  engine  development 
testing.  Fuel  temperature  is  verified  and  the  component  disassembled  and  the  coking  rate  determined 
based  on  the  projected  mission  cycle  and  run  times.  This  data  is  used  to  establish  maximum  fuel  and  wall 
temperature  based  on  required  life  of  the  latest  component  and  the  corresponding  coking  rate. 

System  design  is  selected  to  maintain  fuel  nozzle  wall  temperature  to  a  value  which,  for  the  required  4- 
6000  hour  engine  life,  would  not  result  in  a  coke  buildup  in  the  flow  passages  thicker  than  a  specified 
amount.  The  limit  is  based  on  a  maximum/minimum  deposition  rate  for  JP-4,  which  is  rumored  to  be 
worse  than  JP-5  or  JP-8.  Field  experience  involving  out-of-spec  flow  rate,  flow  hysterises,  spray 
characteristics,  etc.  is  factored  into  design  and  method  of  operation.  Service  revisions  are  made  as  needed 
once  a  design  is  in  production. 
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SECTION  5,0 


SUMMARY  AND  CONCLUSIONS 


According  to  the  guidelines  of  this  study,  design  requirements  were  to  focus  on  components  identified  as 
being  most  susceptible  to  fuel  thermal  stability  problems.  In  current  engines,  these  components  are 
largely  restricted  to  the  hot  section  of  the  engine,  i.e.,  fuel  injector  nozzles,  nozzle  supports,  afterburner 
spray  rings,  fuel  manifold  assemblies,  and  fuel  feeder  tubes.  Other  components  within  the  fuel  system 
were  reported  as  fuel  sensitive  during  the  course  of  an  industry  and  military  survey  and  literature  search, 
but  actual  cases  could  not  be  identified  or  substantiated.  Efforts  were  made  to  do  so  by  contacting  air 
bases  around  the  world,  overhaul  and  repair  depots,  P&W  component  design  groups  and  members  of  the 
CRC  Thermal  Stability  Test  Methods  Panel.  The  Brazilian  and  China  occunences  of  fuel  pump  coking 
may  be  an  exception.  However,  fuel  history,  documentation,  and  other  pertinent  information  is  sketchy 
and  makes  it  difficult  to  conclusively  link  the  problem  to  fuel  thermal  instability.  Hot  section 
components,  on  the  other  hand,  are  regularly  reported  and  well  documented. 

Critical  fuel  system  parameters  reported  for  the  hot  section  include  small  passage  areas,  Reynolds 
number,  metal  temperature,  fuel  temperature,  and  flow  rate.  The  flight  conditions  most  prone  to  result 
in  thermal  stability  problems  are  those  involving  low  fuel  flow  and  high  environmental  temperatures. 
Alternately,  a  theory  has  been  proposed  that  only  minimal  lacquering  occurs  at  the  conditions  described 
above,  and  that  coking  is  much  more  likely  to  occur  during  periods  of  no  flow  when  the  augmentor  is 
shut  off.  During  these  times,  soak-back  temperatures  rise  rapidly  to  high  levels  and  residual  fuel  boils  off 
forming  liquid  and  vapor  phase  deposits.  Cyclic  conditions  compound  the  problem.  A  similar  theory  is 
advanced  for  fuel  injector  nozzle  fouling. 

Ideally,  the  type  of  le-st  a  fuel  system  designer  requires  is  a  test  which  directly  measures  changes  in 
component  performance  as  a  function  of  critical  fuel  system  parameters.  In  addition,  a  fuel  system 
developer  requires  a  test  which  addresses  activation  energies  and  pre-exponential  factors,  formation  and 
concentration  of  precursors,  trace  contaminants,  types  and  concentration  of  heteroatomic  species,  and 
quantification  of  deposits.  Data  acquisition  is  most  desirable  in  real  time.  The  above  information  is 
relevant  in  understanding  the  deposition  process  and,  in  turn,  the  development  of  high  temperature  fuels 
and  additives.  The  ultimate  goal  is  the  development  of  a  numerical  model  that  can  predict  the  extent  to 
which  fuel  decomposition  affects  system  performance. 

None  of  the  current  bench-top  test  devices  (or  those  which  approach  fuel  system  simulators)  satisfy  all  of 
the  perceived  needs,  or  provide  the  specific  type  of  direct  information  sought  by  fuel  system  designers 
and  developers.  This  is  largely  due  to  the  logistics  of  incorporating  features  which  simulate  actual  engine 
conditions,  e.g.,  high  pressures,  high  flow  rates,  turbulent  flow  with  high  Reynolds  numbers,  and 
.sophisticated  state-of-the-art  instrumentation  for  monitoring  chemical  activity.  In  addition,  there  is  an 
unwillingness  to  trade  time  for  temperature.  The  suspected  dominance  of  mass  transport  effects,  the 
indirect  and  subjective  nature  of  rating  deposits  and  determining  deposition  rates,  and  little  direct 
correlation  to  engine  testing  further  limits  the  desirability  of  exi.sting  rigs.  On  the  other  hand,  there  is  an 
understandable,  but  contradictory,  reluctance  to  deal  with  prohibitive  sample  sizes,  and  forego  the 
convenience,  flexibility  and  ease  of  operation  offered  by  accelerated  test  approaches. 

The  need  for  a  convenient,  inexpensive,  quality  control  test  to  ensure  adequate  fuel  quality  will  continue 
to  dominate  much  of  the  concern  of  fuel  users.  In  this  respect,  the  JFTOT  appears  to  perform  adequately 
when  used  as  intended.  For  limited  research  purposes,  many  of  the  short  comings  associated  with  the 
JFTOT  could  be  resolved  upon  inclusion  of  a  fuel  mixing  test  section  design  to  reduce  mass  transport 
effects,  an  objective  rating  system,  the  use  of  steel  tubes,  and  longer  test  periods  when  evaluating 
additives. 
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In  formulaiing  the  design  requirements  for  a  thermal  stability  test,  a  dilemma  is  encountered.  Although 
this  siudy  identified  the  engine  hot  section  to  be  most  sensitive  to  thermal  stability  problems,  much  of 
today's  concerns  are  directed  at  future  engine  designs.  Current  and  near-term  advanced  thermal 
management  systems  were  reviewed  in  this  study  but  fuel  system  parameters  projected  for  the  advanced 
engines  of  IHPTET  Phase  II  and  III  are  not  yet  available.  Components  not  affected  by  today's  standards 
may  well  be  subject  to  the  ngors  of  the  heat  loads  and  environmental  conditions  of  tomorrow's  systems. 
For  fuel  developers,  there  is  a  critical  need  to  develop  fuels  of  greater  heat  sink  capacity  for  these 
advanced  systems. 

The  dilemma  posed  is  whether  a  test  design  should  address  only  today's  most  sensitive  components,  fuel 
chemistry,  and  operating  parameters,  or  include  the  flexibility  to  also  address  potential  problem  areas  of 
tomorrow's  advanced  systems.  The  question  is  rhetorical.  The  requirements  for  a  thermal  stability  test 
must  include  all  potentially  critical  parameters  for  a  number  of  components.  It  is,  after  all,  the  test  itself 
that  will  be  used  to  determine  which  fuel  system  parameters  affect  thermal  stability.  Due  to  the 
complexity  of  the  task,  it  is  felt  that  such  a  test  can  only  be  accomplished  in  a  step-like  modular  fashion. 
Using  an  "open-end "  design  approach,  a  manageable  number  of  features  should  be  incorporated,  proven 
in  concept,  then  used  as  a  foundation  to  build  upon.  In  retrospect,  this  study  did  not  simplify  test  design, 
but  brought  realization  to  the  complexity  of  the  problem. 

5.1  Design  Reqi  ire.mems 

Preliminary  design  requirements  should  include  the  following: 

•  Requirement:  Flexibility 

The  basis  for  a  beginning  design  should  include  system  flexibility  such  that  extensive  redesign  and 
qualification  of  the  central  a.s.scmbly  is  not  required  each  time  an  additional  feature  is  incorporated.  This 
will  require  considerable  planning  and  careful  study  of  future  add-on  features  that  will  be  required  to 
predict  a  fuel's  performance  in  an  engine.  The  approach  should  be  that  of  a  modular  design.  The  system 
should  not  be  locked  into  a  strict  configuration  which  addresses  a  specific  application.  Versatility  should 
be  considered  loremost  in  system  design  such  that  it  can  be  built  up^n.  To  preserve  the  concept  of  a 
bench-top  test,  design  of  each  modular  assembly  should  be  capable  of  L.,^ing  evaluated  on  its  own  merits 
after  having  established  the  .soundness  of  the  central  assembly. 

•  Requirement:  Direct  Measurement  of  Changes  In  Component  Performance 

Through  the  use  of  specially  designed  plug-in  modules,  the  system  should  be  capable  of  directly 
measuring  changes  in  component  performance.  Ultimately,  such  measurements  should  include  heat 
transfer  coefficients,  fuel  How  versus  pressure  drop,  small  orifice  and  .screen  plugging,  and  resistance  to 
sliding  motion. 

•  Requirement:  Temperature  Control 


The  lest  design  must  be  capable  of  precisely  controlling  fuel  temperatures  up  to  425  °F  (218""C)  in 
accordance  with  the  near  term  goals  of  JP-8  +  100°F  no/./le  design  temperatures.  Provision  for  metal 
temperatures  up  to  KXX)  F  (,528'’C)  arc  required  to  represent  the  .soak  back  temperatures  experienced  at 
the  nozzle.  Resistive  and  isothermal  heating  mtxlcs  .should  be  provided.  Power  requirements  .should 
consider  resistivity  ol  the  different  metals  which  potentially  t.ould  be  used  as  test  specimens  (e.g. 
aluminum,  sUiinicss  steel,  and  Waspaloy). 
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•  Requirement:  Fuel  Delivery  System 

The  fuel  delivery  system  should  include  a  pump  capable  of  delivering  high  fuel  flows  for  assessing  the 
effect  of  flow  rate  and  for  achieving  Reynolds  numbers  in  the  4,000  to  6,500  range.  Interchangeable  fuel 
pumps  may  be  required  to  precisely  deliver  and  maintain  flows  from  3  mL/minute  to  1.4  L/minute.  A 
fuel  flow  of  1.4  L/minute  is  required  to  achieve  a  Reynolds  number  of  6,500  based  on  1/8"  tubing  and  JP- 
8  vixosity  at  25°C.  At  these  conditions,  one  55-gallon  drum  of  fuel  would  be  consumed  in  a  2.5  hour 
test.  Fuel  supply  design  should  permit  easy  conversion  to  a  1 -liter  sample  reservoir,  or  one  or  more  55- 
gallon  drums  in  tandem. 

•  Requirement:  Pressure  Capability 

Pressures  up  to  1500  psi  to  simulate  those  found  in  aircraft  fuel  systems. 

•  Requirement:  Test  Section  Fuel  Flow  Dynamics 

Interchangeable  test  sections  or  reactors  should  provide  for  static  or  dynamic  operation.  Dynamic  testing 
should  include  laminar  (Re  16  to  <4,0(X))  and  turbulent  flow  regimes.  Test  sections  should  be  designed 
for  self-induced  turbulent  flow  (fuel  mixing)  as  well  as  turbulent  flow  defined  by  Reynolds  numbers  in 
the  4,000  to  6,500  range.  Depending  on  the  flow  regime  selected,  residence  times  should  be  variable 
from  1  second  to  13  seconds. 

•  Requirement:  Optical  Assess 

The  user-.selected  test  sections  and  static  reactors  must  provide  optical  assess  for  data  acquisition.  This  is 
required  for  rcai  time  measurement  of  deposit  growth  and  fuel  composition  changes,  as  well  as  for 
mapping  temperature  profiles  and  flow  dynamics. 

•  Requirement:  Test  Specimen  Configuration 

3ta~'^ard  test  specimens  should  be  flat  to  optimize  optical  measurements.  However,  a  flexible  open-end 
system  should  permit  a  variety  of  specimen  configurations  for  use  with  specially  designed  plug-in  test 
mixlules  when  assessing  specific  components. 

•  Requirement:  Quantification  of  Deposits 

A  precise,  objective  measurement  system  is  required  for  quantifying  the  on-set  of  deposition. 
Measurement  of  deposit  thickness  should  be  possible  down  to  3(X)  angstroms  for  delecting  incipient 
deposits. 

•  Requirement:  Fuel  Compositional  Changes  During  Thermal  Stressing 

A  means  for  monitoring  gross  changes  in  fuel  composition  during  thermal  stressing  is  required. 
Ultimately,  high  resolution  tracking  is  required  for  identifying  precursors  and  intermediate  reaciioi 
species  which  lead  to  deposit  formation. 

•  Requirement:  Measurement  of  Dissolved  Oxygen 

A  simple,  suaight  forward  approach  foi  monitoring  oxygen  consumption  during  thermal  stressing  is 
required.  Oxygen  levels  of  1-50  ppm  should  be  considered  for  low  level  detection. 
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•  Requirement:  Real  Time  Data  Acquisition 

Real  time  data  acquisition  is  required  to  establish  deposition  rates,  activation  energies,  and  pre¬ 
exponential  factors. 

5.2  Trade-Offs 

Fuel  flows  representative  of  an  actual  engine  fuel  system  are  prohibitive  and  cannot  feasibly  be  achieved 
in  a  bench-lop  lest  rig.  To  do  so  would  require  a  fuel  flow  between  69  and  243  Ibs/minule  depending  on 
the  fuel  system  component  simulated.  Reynolds  numbers  approaching  the  lower  limits  of  actual  fuel 
system  operation  can  be  duplicated.  However,  Reynolds  numbers  more  typical  for  most  components  are 
unapproachable  in  a  laboratory  scale  rig  (Re  >  7,000  to  25,000  and  beyond)  due  to  the  required  fuel  flow 
rates. 

Trading  time  for  temperature  traditionally  has  been  used  as  a  means  for  accelerating  testing.  A  provision 
for  automated  long-term  testing  at  realistic  temperatures  is  possible  However,  incorporabng  this  feature 
would  result  in  hundreds  of  hours  of  operating  time  and  would  require  extremely  low  flow  rates  because 
of  the  prohibitive  volume  of  fuel  required.  In  addition,  the  validity  of  the  result  could  be  questionable 
due  to  the  atypical  fuel  flow.  Realistic  flow  rates,  high  Reynolds  numbers,  and  time  for  temperature  are 
likely  trade-offs  for  a  laboratory-scale  test  device.  The  significance  of  these  trade-offs  should  be 
determined  in  a  limited  investigation  directed  at  assessing  worst  case  extremes 

5.3  FEAStBILITY  OF  CONSTRLCTING  THE  CO-NCEPTUAL  TEST  DEVICE 

It  is  unlikely  that  all  of  the  design  requirements  identified  in  this  study  can  be  incorporated  into  a  bench- 
lop  lest  device  in  a  single  leap.  Due  to  the  nature  of  the  problem  and  the  complexity  of  the  device,  it 
must  be  an  evolutionary  process.  The  features  required  to  satisfy  so  many  needs  would  introduce  such  a 
multitude  of  variables  that  the  logistics  of  evaluating  proof  of  concept  and  qualifying  the  apparatus  would 
be  overwhelming.  A  "starter"  system,  however,  is  well  within  the  realm  of  current  technology. 

It  is  feasible  tc  build  a  modular  starter  system,  operating  in  a  static  or  dynamic  test  mode,  having  as  its 
foundation  the  ability  to  quantify  deposits  and  monitor  gross  changes  in  chemical  composition.  This  can 
be  accomplished  in  both  a  post  lest  and  real  lime  mode.  The  most  promising  approach  is  through  the  use 
of  fiber  optics.  These  features  within  themselves  would  represent  a  significant  step  forward.  Closely 
controlled  temperatures,  times,  and  pressures  and  automation  for  extended  long  term  testing  is  not  viewed 
as  a  significant  problem.  Considerably  higher  flow  rates  and  temperatures  than  provided  by  the  JFTOT 
are  feasible  in  a  laboratory -scale  rig.  In  addition,  two  alternative  user-selected  heated  lube  test  section 
configurations  can  be  included  into  the  basic  design.  One  such  test  section  could  resemble  the  JFTOT 
tube  in  which  fuel  flows  over  the  test  piece,  while  the  alternative  lest  section  would  resemble  a  heat 
exchanger  design  in  which  fuel  flows  through  the  lube. 

Having  developed  and  evaluated  the  basic  configuration,  incorporation  of  turbulent  flow  of  Reynolds 
numbers  in  the  4000  range  would  be  a  feasible  next  step.  It  is  felt  that  this  can  be  accomplished  without  a 
great  deal  of  difficulty.  A  straight  forward  approach  for  monitoring  oxygen  concentration  does  represent 
a  significant  problem  and  will  require  an  exhau.siive  survey  of  instrument  manufacturers  and  procedure 
development  time. 

Upon  accomplishing  these  r.ear-term  objectives,  and  subsequent  to  their  evaluation  and  validation,  means 
for  directly  assessing  component  performance  can  be  approached.  This  might  best  be  accomplished  by 
emulating  the  approached  used  by  the  Air  Force  in  the  Reduced  Scale  Fuel  Simulator.  Auxiliary  devices 
such  as  the  "small  orifice  device  "  and  the  "nozzle  screen  device"  currently  used  by  the  Reduced  Scale 
Fuel  System  Simulator  could  be  specially  designed  as  a  plug-in  module  to  the  basic  configuration  of  the 
conceptual  lest  rig.  The  feasibility  of  this  approach  will  be  dependent  upon  required  fuel  flows 
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applicable  to  the  component  being  simulated.  An  intensive,  well  thought  out  design  and  development 
effort  will  be  required  in  design  of  the  plug-in  modules. 

Measurements  such  as  heat  transfer  coefficients  can  be  incorporated  into  a  lest  device  by  way  of 
thermocouples  to  assess  the  effect  of  deposit  on  heat  exchanger  performance.  This  add  on  module  could 
take  on  a  heated  tube  configuration  where  fuel  flows  through  aluminum  0.072  diameter  tubes.  Design  of 
an  add-on  modular  configuration  with  passages  on  the  order  of  0.020  inch  should  be  included  and  allow 
flow  versus  pressure  drop  characteristics  to  be  monitored  to  assess  effect  on  nozzle  performance.  To 
simulate  lacquering  of  sliding  surfaces  in  a  fuel  control,  a  module  could  be  designed  that  features  a  heat 
loaded  dynamic  piston/sleeve  arrangement  expo.«ed  to  fuel.  A  similar  module  could  be  designed  to 
simulate  fuel  nozzle  sliding  spool  devices. 

It  is  proposed  that  a  second  generation  system  address  the  complexities  and  sophisticated  instrumentation 
required  to  track  precursors  involved  in  the  deposition  process  and  the  manner  in  which  deposits  adhere 
to  metal  surfaces.  The  feasibility  of  accomplishing  these  long-term  goals  are  governed  by  available 
technology  as  well  as  its  applicability  to  a  small-scale  laboratory  device. 

Two  of  the  most  challenging  features  of  the  near-term  conceptual  design  are  being  addressed  by  P&W 
under  two  government  funded  research  programs.  A  Navy  funded  program  entitled  "Development  of  a 
Fiber  Optic  Interferometer  for  Determining  Jet  Fuel  Deposition  Rates"  has  as  its  primary  objective 
development  of  an  optical  diagnostics  system  capable  of  measuring  incipient  deposit  formation  in  real 
time.  Under  the  au.spices  of  an  Air  Force  sponsored  program  entitled  "Development  of  an  Advanced  JP-8 
Fuel",  P&W  IR&D  funded  efforts  are  being  directed  at  development  of  a  procedure  for  monitoring  on¬ 
line  fuel  compositional  changes  dunng  thermal  stressing.  This  program  has  a  targeted  start  date  of 
August  1990. 


APPENDIX  A 


A  copy  of  ihe  survey  distributed  to  industry  and  military  for  use  in  compiling  design  requirements  for  a 
thermal  stability  test  is  contained  in  Appendix  A.  A  list  of  the  individuals  and  companies  receiving  the 
survey  is  included. 
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DESIGN  REQUIREMENTS  FOR  A  THERMAL  STABILITY  TEST 


I.  Fuel  System  Parameters  for  Current  and  Advanced  Generic  Engine 

1 .  Which  fuel  system  components  are  affected  by  fuel  thermal  stability  ? 

eg- 

o  fuel/oil  heat  exchangers 
o  fuel  injector  nozzles 
0  fuel  controls 
0  fuel  pumps 
o  fuel  filters 
0  other 

2.  How  are  they  affected  ? 
e.g. 

0  fuel/oil  heat  exchangers 
0  fuel  injector  nozzles 
0  fuel  controls 
0  fuel  pumps 
0  fuel  filters 
0  other 

3.  For  each  component,  what  are  the  tolerance  levels  before  the  component  is  affected,  i.e., 
how  much  deposit  build  up  is  required  to  degrade  performance  ? 

4.  What  flight  condition  (s)  in  a  typical,  generic,  current  and  advanced  engine  is  most  prone  to 
effect  the  above  ? 

e.g. 

0  cruise 
0  descent 

5.  What  are  the  fuel  system  parameters  for  the  flight  condition(s)  identified  above  in  a 
typical, generic,  current  and  advanced  engine  ? 

e.g. 

o  Heat  Exchangers  Current  Advanced 

-  T ube  temperature 

-  Fuel  temperature 

-  Tube  diameter  and  length 

-  Flow  velocity 

-  Reynolds  number 

-  Tube  Material 

-  Fuel  residence  time 

-  Preesure 

o  Fuel  Pumps  (Low  and  High  Stage) 

-  Pump  matenals 

-  Pressure 

-  Fuel  residence  time 

-  Fuel  temperature 
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o  Fuel  Filter 


-  Filter  media  and  surface  area 

-  Filter  pore  size 

-  Fuel  temperature 

-  Fuel  residence  time 

-  Pressure 

0  Fuel  Control  Unit 

-  Fuel  passage  diameters  (Main  &  Servo) 

-  Fuel  passage  lengths 

-  Fuel  velocity 

-  Reynolds  number 

-  Fuel  residence  time 

-  Fuel  temperature 

-  Fuel  passage  materials 

Ittema!  filter  rii4icriai,  pore  size,  and  area 

-  Pressure 

o  Hot  Nozzle  Section 

-  Fuel  passage  diameters  or  areas 

-  Fuel  passage  materials 

-  Filter  material,  pore  size,  and  area 

-  Flow  velocity 

-  Reynolds  No. 

-  Fuel  residence  time 

-  Fuel  temperature 

-  Metal  temperature 

-  Pressure 

o  Interconnecting  Plumbing 

-  Material 

-  Fuel  temperature 

-  Residence  time 

0  Fuel  tank 

-  Typical  fuel  temperature  history  (sub  &  supersonic) 

-  Fuel  residence  time 

-  Tank  materials 

-  Tank  surface  temperature  (supersonic) 

-  Pressure  (supersonic) 

-  Fuel  oxygen  content 

6.  Which  are  the  most  critical  fuel  system  parameters  for  each  component  in  regard  to  fuel 
thermal  subility  ? 

7.  From  a  fuel  system  designer’s  standpoint,  what  type  of  information  is  needed  -  i.e.,  what  is  it 
you  want  to  know  ? 

e.g.  rate  of  deposition  as  a  function  of  fuel  type,  tcmpcralLi'v.,  liiiic,  lucla!,  .surface  luiisn. 
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velocity,  Reynolds  number,  pressure,  effect  on  heat  transfer,  etc. 

8.  In  what  form  (s)  should  this  data  be  generated  ? 

e.g.  deposit  thickness,  volume  of  deposit,  heat  transfer  coefficients,  etc. 

9.  From  a  fuels  researcher's  standpoint,  what  type  of  information  is  needed  to  aid  in 
understanding  the  deposition  process  and  in  the  development  of  advanced  fuels  ? 


II.  Capabilities  and  Limitations  of  Current  Test  Devices 

1 .  What  do  existing  rigs  tell  us  and  how  do  they  work  ? 

e.g. 

o  JFTOT/HLPS 
o  UTRC  rigs 

0  Shell  Single  Tube  Heat  Transfer  Rig  (STHTR) 
o  Fuel  System  Simulators 

2.  How  are  deposits  evaluated  and  data  interpreted  in  existing  rigs  ? 

e.g. 

0  Visual  Comparison  to  ASTM  Color  Chart 
o  Alcor  Tube  Deposit  Rater  (TDR)  -  Light  Reflectance 
o  Erdco  Townsley  Optical  Densitometer 
0  SWRI  Dielectric  Strength  of  Deposit  (Dielectric  Breakdown) 
o  Geo-Centers  Interferometry  Method 
0  Nanometric  Interferometry/Algorithm  Method 
0  Carbon  bum -off 

III.  Design  Requirements  For  A  Thermal  Stability  Test 

1 .  Which  of  the  most  critical  fuel  system  parameters  can  feasibly  be  duplicated  or  simulated  for 
a  valid  thermal  stability  test? 

2.  How  would  this  be  accomplished  and  what  type  of  measurement  is  required  ? 

3.  What  compromises  must  be  made  in  actual  fuel  system  parameters  and  direct  engine 
correlation  in  order  to  accomplish  the  goals  of  an  accelerated  laboratory -scale 
thermal  stability  test  using  research  quantities  of  fuel  ? 

4.  Can  these  compromises  be  made  and  still  provide  useful  information  to  fuel  svstem  designers 
and  fuel  developers  ? 

5.  What  criteria  should  be  used  for  assessing  the  data  ? 

IV.  Conceptual  Design  Features  To  Be  Incorporated  Into  a  Bench-Top  Test  Rig 

1 .  Determined  from  conclusions  formulated  under  III. 

V.  Feasibility  of  Constructing  the  Conceptual  Test  Apparatus  Based  On  Design  Requirements 

1 .  Logistics  and  cost  determined  from  a  preliminary  design  configuration  directed  at  satisfying 
the  requirements  identified  in  the  study. 
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HIGH  TEMPERATURE  FUEL  REQUIREMENTS  AND  PAYOFFS  STUDY 


Period  of  Performance 

May  19H9  through  May  1990 
Reference 

Task  Order  No.  17,  Topical  Report  No. 16,  FR19032-16.  25  August  1990,  B.M.CroswcU 
Abstract 

This  program  was  directed  at  defining  the  fuel  temperature  capability  requirements  for  future  tactical 
fighter  applications  and  to  quantify  the  payoff  which  would  be  realized  by  achievement  of  this  capability. 
The  study  was  sponsored  by  the  Air  Force  Wright  Research  and  Development  Center  (WRDC),  Aero 
Propulsion  Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio  in  association  with  the  Naval  Air 
Propulsion  Center  (NAPC),  Trenton,  New  Jersey. 


SECTION  1.0 
INTRODUCTION 


1.1  OVERVIEW 

The  Integrated  High-Performance  Turbine  Engine  Technology  Initiative  (IHPTET)  is  a  joint  Department 
of  Defense/NASA/industry  effort  to  develop  and  demonstrate  revolutionary  and  innovative  technologies 
that  will  double  propulsion  system  capability.  The  technologies  which  result  from  this  initiative  will 
allow  future  gas  turbine  engines  to  operate  at  much  higher  temperatures,  pressures  and  rotational  speeds. 
As  a  result  the  next  generation  of  propulsion  systems  will  exhibit  vastly  improved  levels  of  engine  thrusl- 
to-weight  and  fuel  burned.  These  increased  propulsion  system  capabilities  will  translate  into  significantly 
improved  aircraft  system  performance  including  missions  with  long  range,  high  speed  cruise  capabilities. 

Improvements  in  both  the  propulsion  and  aircraft  systems  will  place  a  much  greater  requirement  on  the 
fuel,  which  will  act  as  the  primary  heat  sink  for  both  the  airframe  and  engine.  Under  the  program 
described  herein,  P&W  conducted  analytical  studies  to  establish  the  maximum  temperature  capability 
rcquiremeriLs  for  advanced  JP  fuels  for  each  IHPTET  Technology  Phase.  In  addition,  the  study  quantified 
the  payoffs  of  high  temperature  fuel  capability  and  showed  that  development  of  these  fuels  is  critical  to 
the  IHPTET  initiative. 

1.2  BACKGROUND 

The  overall  objective  of  the  IHPTET  initiative  is  the  identification  and  development  of  the  advanced 
propulsion  system  concepts  and  technologies  required  to  maintain  the  superiority  of  our  military  aircraft. 
Toward  this  end,  P&W  has  established  the  goals  .shown  on  Figure  1.2-1.  Each  phase  represents  a 
significant  advance  in  the  state-of-the-art  in  gas  turbine  propulsion.  Achievement  of  these  goals  will 
require  that  technologies  be  developed  throughout  the  engine.  Failure  to  address  any  one  area  will 
significantly  jeopardize  '^voral!  cc‘'.;e"cr,.c'7t  of  t-hc  IIITTET  Kirals  especially  tme  in  ‘ho  aroj 

ol  hij^li  icmperaiure  fluids  and  fluid  system  materials  development.  The  high  .speed  and  temperature  goals 
of  the  IHPTET  initiative  will  require  bcaring.s,  lubricants,  gears  and  seals  with  high  temperature 
capability.  Increase]  heat  generation  in  both  the  airframe  and  engine  hydraulic  system  will  demand  the 
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development  of  nonflammable,  high  temperature  hydraulic  fluids  or  the  use  of  high  temperature  fuels. 
Finally,  the  greater  heat  generation  associated  with  high  speed  missions  and  advanced  propulsion  systems 
and  aircraft  demand  the  additional  heat  sink  capacity  associated  with  high  temperature,  thermally  stable 
fuels.  To  address  these  requirements,  P&W  has  establisiied  the  high  temperature  fluid  development  goals 
for  each  IHPTET  Phase  shown  on  Table  1.2-1. 


IHPTET  Pb*w  111 


*20 

Baa* 


T4.1  -  fOOO* 

T3  -  +100* 
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Figure  1 .2-1  P&W  IHPTET  Turbofan/Turbojet  Goals 


TABLE  1.2-1 

P&W  HIGH  TEMPERATURE  FLUID  DEVELOPMENT  GOALS 


Base 

IHPTET 

Phase  1 

IHPTET 

Phase  II 

IHPTET 

Phase  III 

Liquid  Lubricants  (°F) 

400 

400 

625 

700 

Fuels  (“F),  JP-4/JP-8 

325 

425 

550 

700 

JP-7 

550 

BefoiC  beginning  efforts  to  develop  advanced,  high  temperature  fluids,  the  requirement  for  this  capability 
and  the  resulting  payoff  must  be  established.  An  example  of  this  type  of  effort  was  the  Lubricant  and 
Mechanical  Component  Requirements  Assessment  for  the  Higii  Performance  Turbine  Engine  Initiative 
study.  This  AFWAL/POSL  contract  (F33657-84-C-2137)  was  performed  by  P&W  during  the 
Cictober  1986  to  August  1987  time  period.  The  study  helped  to  establish  the  liquid  lubricant  goals  shown 
in  Table  1.2-1.  Acincvement  of  these  goals  will  allow  the  design  of  a  lubrication  system  that  will 
reduce  the  weight  of  mechanical  component  systems  by  25%  for  an  IHPTET  Phase  II  propulsion  systems 
and  by  31%  for  IHPTET  Phase  III  systems.  By  showing  these  significant  payoffs,  studies  like  this  one 
have  resulted  in  the  development  of  liquid  lubricants  becoming  part  of  the  IHPTET  initiative. 
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The  High  Temperature  Fuels  Requirement?  and  Payoff  Study  represents  a  similar  effort  for  fuels.  For 
missions  with  very  severe  operating  environments  such  as  those  associated  with  very  high  speed 
flight,  defining  the  requirement  for  high  temperature  fuels  is  fairly  straightforward.  Figure  1 .2-2  shows 
that  heat  sink  capacity  is  a  barrier  for  flight  speeds  above  Mach  5.  Without  advanced  fuels  like 
endothermic  or  cryogenic  fuels,  these  systems  cannot  achieve  their  missions. 


Figure  1.2-2.  Cooling  Capacity  of  F uels  Defines  Thermal  Barrier  at  High  Speed 


For  more  conventional  JP  fueled  propulsion  systems  in  more  traditional  missions,  justification  for  the 
development  of  high  temperature  capability  is  more  difficult.  The  use  of  existing  JP  fuels,  while  requiring 
some  design  compromises,  would  not  likely  restrict  the  engine  flight  envelope.  This  has  been 
demonstrated  on  several  weapon  systems  which  are  currently  in  or  are  nearing  service.  An  example  is  the 
Advanced  Tactical  Fighter  (ATF)  aircraft  which  uses  a  fuel  recirculation  system  to  provide  sufficient  heat 
sink  for  the  airframe  and  engine.  This  approach  could  continue  to  be  used  for  future  weapon  systems  but 
with  an  increasing  penalty  as  the  heat  generation  of  both  the  airframe  and  engines  become  greater.  For 
this  reason,  establishment  of  the  requirement  for  high  temperature  fuel  will  be  dependant  on  what  will  be 
an  acceptable  recirculation  system  size  and  weight  for  future  aircraft. 

1.3  APPROACH 

Two  primary  objectives  were  established  for  this  study.  The  first  was  to  define  development  goals  for 
advanced  JP  fuels  by  determining  the  maximum  fuel  temperature  capability  requirements  for  the 
future  generation  of  tactical  fighter  missions.  The  second  was  to  show  how  the  development  of  high  fuel 
temperature  capability  would  contribute  to  the  achievement  of  the  IHPTET  goals. 

Figure  1.3-1  shows  the  basic  approach  used  to  accomplish  the  study  goals.  The  first  step  was  to  define  the 
advanced  aircraft  missions  to  be  investigated,  which  determined  the  engine  operating  environment  and 
power  levels.  Following  selection  of  a  propulsion  system  concept,  engine  performance  was  modeled  to 
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establish  engine  internal  gaspath  temperatures,  pressures  and  flows,  as  well  as  the  levels  of  engine  fuel 
flow.  This  information  was  used  to  conceptually  design  the  engine  fiowpath  and  to  determine  the  rotor 
speeds.  This  is  also  where  configuration  issues  such  as  rotor  support  arrangement  were  determined.  All  of 
Jiis  information  along  with  assumed  airframe  heat  loads  were  used  in  the  development  and  exercise  of 
engine  thermal  management  models.  These  models  established  recirculation  flow  requirements  and 
temperatures  throughout  the  fuel  system.  With  the  fuel  heat  sink  requirements  determined,  relative  sizing 
of  the  fuel  system  components  was  accomplished  to  establish  payoffs  in  terms  of  reduced  weight  that  will 
be  realized  with  high  temperature  fuel  development. 


Siztng  of  Puol 
R«Circu>«tton  SyttOfTi 
Comoorwntt 

Figure  13-1.  High  Temperature  Fuel  Requirements  and  Payoffs  Study  Approach 

This  approach  sought  to  maximize  use  of  available  resources.  For  example,  the  aircraft  missions  and 
engine  performance  simulations  that  were  used  had  been  generated  in  previous  studies  and  were  provided 
at  no  cost  to  the  contract.  In  addition,  the  thermal  management  models  were  adapted  from  the  Lubricant 
and  Mechanical  Component  Requirements  Assessment  contract  mentioned  earlier. 

Accomplishment  of  the  goals  of  this  study  were  complicated  by  several  factors.  The  first  is  the  fact  that, 
as  was  discussed  in  the  previous  section,  fuel  recirculation  can  be  used  to  provide  the  required  heat  sink 
when  the  fuel  temperature  capability  is  not  sufficient.  For  this  reason,  future  fuel  temperature 
requirements  for  each  IHPTET  Phase  cannot  be  defined  in  terms  of  a  single  answer  but  instead  arc 
dependant  on  what  is  an  acceptable  fuel  recirculation  system  size  and  weight. 

Defining  a  payoff  to  IHPTET  for  the  development  of  high  temperature  fuel  is  directly  related  to  reducing 
the  weight  of  the  of  recirculation  system.  This  is  where  a  second  complicating  factor  was 
encountered.  Sizing  of  the  fuel  recirculation  system  is  the  responsibility  of  the  airframer  and  is  bookkepi 
as  part  of  the  airframe  weight.  This  created  a  two-fold  problem,  the  first  being  that  Pratt  &  Whitney  has 
little  experience  and  no  data  base  for  the  sizing  of  most  fuel  recirculation  components.  Secondly,  while 
the  development  of  high  temperature  fuel  capability  will  result  in  major  weight  savings  in  the 
recirculation  system,  most  of  the  savings  would  be  in  the  airframe  and  little  would  be  realized  by  the 
engine.  It  is,  therefore,  difficult  to  show  a  high  payoff  to  the  IHPTET  initiative  because  IHPTET  is 
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focused  exclusively  on  propulsion  system  improvements.  In  addition,  there  is  little  definitive  information 
relative  to  the  future  levels  o.  airframe  heat  load.  This  is  important  since  the  airframe  heat  loads  greatly 
influence  the  heat  sink  requirements  of  the  fuel. 


With  these  considerations  in  mind,  a  two  phase  approach  to  accomplish  the  study  goals  was  agreed  upon 
by  P&W,  the  Air  Force  and  the  Navy: 

1 .  Fix  airframe  heat  loads  near  the  levels  projected  for  the  prototype  of  the  next  generation  of 
tactical  fighter  aircraft.  Determine  the  maximum  fuel  temperature  capability  required  to  realize  the 
significant  airciaft  weight  savings  resulting  from  eliniination  of  the  fuel  recirculation  system. 

2.  Perform  a  parametric  varying  maximum  fuel  temperature  capability  and  airframe  heat  load  to 
establish  how  those  factors  influence  fuel  recirculation  rates.  For  these  various  rates,  use  relative 
sizing  of  recirculation  system  fuel/air  heat  exchanger  to  show  how  development  of  high 
temperaiiir..  fuels  influences  recirculation  system  component  weight. 

This  approach  was  used  within  the  following  study  ground  rules: 

•  Only  JP  fuels  and  fuel  capabilities  were  considered  in  the  study.  Lodothermic  fuels  were  not 
addre  "sed. 

•  Missions  investigated  were  limited  to  the  more  conventional  advanced  military  tactical  missions. 
Special  missions  with  very  high  speed  requirements  (greater  than  Mach  3.0)  were  not  considered. 

•  Although  P&W  s  technology  plan  calls  for  the  development  and  demonstration  of  magnetic 
bearings  in  IHPTET  Phase  III,  for  the  purposes  of  this  .study,  high  temperature  liquid  lubricants 
and  conventional  high  speed  bCurings  were  assumed. 
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SECTION  2.0 


FACTORS  INFUJENCING  FUEL  TEMPERATURE  REQUIREMENTS 
2.1  ADVANCED  APPLICATIONS  /  MISSIONS 

The  significanl  propulsion  system  improvements  realized  from  the  IHPTET  initiative  will  result  in  lighter 
weight,  smaller  diameter  engines  and  lower  takeoff  gross  weight  (TOGW)  aircraft.  Reduced  drag 
associated  with  these  smaller  aircraft  will  allow  sustained  flight  at  much  higher  speeds  and  require  future 
aircraft  and  propulsion  systems  to  operate  in  much  harsher  thermal  environments.  To  determine  the 
impact  of  these  missions  on  required  fuel  temperature  capability,  this  study  evaluated  'he  advanced 
missions  shown  in  Table  2.1-1. 


Table  2.1-1.  Advanced  Mitaiona  Salactad  for  High  Tamparatura  Fual 
Ragulramanta  A  Payoff  Study 


MISSION 


IHPTET  technology  phase 
I  II  III 


•  Advanced  Tactical  Fighter  (ATF) 

•  Advanced  Navy  Fighter  (ANF) 

•  Mach  2.5  Air  Superiority  Fighter  (ASF) 

•  Mach  1.5  Lightweight  Fiahter  (LWF) 


X 

X 

X 


The  ATF  mission  is  classified  and  a  description  of  this  mission  cannot  be  provided  in  this  document.  The 
ANF  mission  used  is  baseo  on  the  Navy  Advanced  Tactical  Fighter,  This  mission  is  also  classified  and  no 
details  of  that  mission  are  included  in  this  report.  Descriptions  of  the  other  two  mission;  investigated  in 
this  study  are  provided  below: 

MACH  2.5  AIR  SUPERIORITY  FIGHTER  (ASF) 

The  ASF  mission  profile  is  shown  on  Figure  2.1-1.  This  mission  has  an  overall  range  of  7(X)  nautical 
miles,  with  a  3(X)  mile  supersonic  (Mach  2.5)  dash  leg  and  a  two  turn  Mach  0.9  combat  segment. 
Other  performance  requirements  for  this  mission  include  a  35  second  acceleration  time  from  Mach  0.8  to 
Mach  1.6  at  30,000  feet,  a  6.5  g  (force  of  gravity)  sustained  turn  at  Mach  0.9/30000  feet,  and  a  15(X) 
feci  balanced  field  takeoff  and  landing. 

MACH  1.5  LIGHTWEIGHT  FIGHTER  (LWF) 

Figure  2.1-2  presents  the  LWF  mission  profile.  This  mission  has  an  overall  range  of  200  nautical  miles, 
with  a  Mach  1.5  cruise  out,  a  combat  segment  with  three  max  power  turns  and  a  subsonic  cruise 
back.  Additional  requirements  include  carrying  an  1800  lb  payload,  a  specific  excess  power  (Ps)  of  500 
ft/sec  and  a  5.0  g  sustained  turn  at  Mach  0.9  /  30,00  feel. 
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Figure  2.1-1  Air  Superiority  (Mach  2.5 )  Mission  Profile 


Figure  2.1-2  Lightweight  Fighter  (Mach  1 .5)  Mission  Profile 
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2.2  AIR  FRAME  HEAT  LOADS 


The  levels  of  heal  loads  generated  by  future  aircraft  are  unclear  at  this  lime  but  an  extrapolation  of 
operational  systems  indicates  that  the  fuel  will  be  required  to  absorb  much  greater  thermal  loads.  Figure 
2.2-1  shows  the  historical  trend  of  airframe  heat  load  for  typical  two-engine  Air  Force  fighters  as  well  as 
projections  for  the  ATF.  The  increasing  levels  of  heat  generated  can  be  attributed  to  a  number  of  factors. 
These  include  more  stringent  missions  which  results  in  higher  airframe  skin  temperatures,  the  increased 
hydraulic  system  requirements  associated  with  large  control  surfaces,  and  the  requirement  to  provide 
cooling  for  environmental  control  systems  and  advanced  airfra:  ic  avionics. 


F-4  F-15  ATF-FSD 

Figure  2  2-1  Increasing  Heat  Sink  Demand  On  Fuel  From  Airframe  Heal  Loads  {Per  Engine) 


23  PROPULSION  SYSTEM  HEAT  LOADS 

The  propulsion  system  cycles  used  in  this  study  reflect  the  IHPTET  trend  of  increased  capability  through 
higher  operating  speeds,  pressures  and  temperatures.  These  cycles  have  afso  been  optimized  to  meet 
the  individual  requirements  of  each  mission.  For  example,  the  ASF  and  LWF  missions  require  propulsion 
systems  with  high  specific  thrust  (thrusi-per-pound  of  airflow).  Accordingly,  these  engines  have  high  tan 
pres.iure  ratios  (6.0-8. 0)  and  low  bypass  ratios  (0. 1-0.3).  The  engine  operating  pressure  ratios  for  the  ASF 
engines  are  lower  than  those  for  the  LWF.  This  reflects  the  requirement  to  avoid  compressor  discharge 
temperature  limits  at  the  higher  cruise  Mach  numbers  of  that  mission.  The  propulsion  systems  for  both  of 
these  missions  will  have  turbine  temperatures  which  are  600  -  700'^F  higher  than  current  engines.  In 
addition,  the  engine  rotational  speeds  for  the  Phase  11  propulsion  systems  are  approximately  5%  higher 
than  current  engines  while  the  Phase  111  speeds  are  12%  -  20%  greater. 

The  mission  for  the  ANF  application  includes  an  extended  loiter  requirement.  A  major  goal  of  advanced 
Navy  systems  wdl  be  to  extend  the  limc-on-staiion  capability  at  this  loiter  condition.  This  requirement 
places  a  premium  on  propulsion  systems  with  reduced  fuel  consumption.  As  a  re.sult,  this  engine  has  a 
higher  o^)erattng  pres'-ure  ratio  and  more  moderate  bypass  ratio  than  the  cycles  selected  for  the  ASF  and 
LWF.  While  the  rotational  speeds  for  the  engine  will  be  similar  to  the  ASF  and  LWF,  turbine 
temperatures  for  this  application  are  300'’"F  lower. 
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The  higher  rotor  speeds,  internal  gas  path  pressures  and  temperatures  of  the  propulsion  system  cycles 
just  described  are  the  primary  factors  effecting  engine  heat  generation.  Increased  speeds  will  uanslate  to 
higher  tangential  velocity  and  friction  between  moving  components  like  gears,  seals  and  bearings. 
Lubrication  system  heat  generation  will  also  be  higher  due  to  increased  lubricant  shear  and  churning.  The 
result  will  be  higher  lubricant  temperatures  and  a  requirement  for  greater  fuel  heat  sink  capacity. 
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SECTION  3.0 


THERMAL  MANAGEMENT  MODELS 

3.1  OVERVIEW 

The  propulsion  system  heat  loads,  as  well  as  the  fuel,  lube  oil  and  hydraulic  fluid  temperatures  arc 
determined  and  maintained  within  design  limits  by  the  Integrated  Thermal  Management  System. 
Figure  3.1-1  presents  a  diagram  of  the  model  used  in  this  study.  The  model  uses  system  requirements  and 
operating  limits  determined  by  aircraft  operations,  engine/airframe  equipment  and  the  physical  and 
chemical  properties  of  the  system  fluids.  Aircraft  operations  take  into  account  the  flight  envelope  and 
aircraft  mission.  Engine  equipment  includes  the  bearings,  seals,  gearbox  mechanical  requirements, 
fuel/oil/hydraulic  pumps  and  engine  controls.  Airframe  equipment  affecting  system  requirements  include 
avionics,  the  cockpit  environmental  control  system  and  the  flight  control  surface  hydraulic  system. 


Figure  3.1-1  Fuel  System  Model  Used  in  The  High  Temperature  Fuel  Requirements  and  Payoffs  Study 

Engine  fuel  is  the  principal  heat  rejection  medium.  In  addition  to  the  heat  generated  by  the  fuel  system 
components,  heat  is  transferred  to  and  from  the  fuel  by  a  complex  system  incorporating  fucl/oil, 
fuel/hydraulic  fluid  and  fuel/air  heat  exchangers.  In  the  systems  studied,  heal  rejected  to  the  fuel  is  either 
burned  or  recirculated  back  to  the  airframe  fuel  tank  after  passing  through  a  airframe  mounted  fuel/air 
heal  exchanger. 

The  key  assumption^  made  in  the  generation  of  this  model  include: 

•  Temperature  of  the  fuel  in  the  tank  is  1  lO^F.  This  assumption  includes  any  heat  which  is  picked- 
up  by  the  fuel  in  the  process  of  cooling  the  engine  Full  Authority  Digital  Electronic  Control 
(FADEC),  The  study  assumes  that  future  systems  with  higher  Mach  number  cruise 
requirements  will  have  increased  insulation  to  maintain  this  fuel  temperature  in  the  lank. 

•  Increased  temperature  capable  oil  and  hydraulic  fluids  will  be  available  for  use  with  the  higher 
temperature  capable  fuel.  This  is  an  obvious  requirement  since  the  fuel  must  act  as  the  heal  sink 
for  the  lubrication  and  hydraulic  systems.  To  achieve  positive  heat  flow  out  of  these  systems  will 
require  the  oil  and  hydraulic  fluid  to  always  be  at  a  higher  temperature  than  the  fuel. 
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•  Rented  lo  the  previous  assumption  is  the  requirement  for  increased  temperature  capable  fuel 
system  components.  The  components  in  this  study,  e.g.  fuel  lines,  fuel  pumps,  heat  exchanger 
components  and  fuel  nozzles,  have  all  been  assumed  to  have  adequate  temperature  capability. 

•  Fuel  will  be  used  as  the  engine  hydraulic  fluid  which  eliminates  the  need  for  an  engine 
fuel/hydraulic  fluid  heat  exchanger. 

•  For  the  IHPTET  Phase  I  system  studied,  airframe  heat  loads  in  the  range  of  3000- 

3700  BTU/minute  were  assumed  depending  on  the  flight  condition.  For  the  IHPTET  Phase  II  and 
Ill  system,  an  airframe  heat  load  of  4000  BTU/minute  was  assumed  at  all  flight  conditions. 

An  existing  model  for  a  current  airframc/cnginc  thermal  management  systcni  (Figure  3.1-2)  served  as  tlie 
baseline  for  the  model  used  in  these  studies.  Several  revisions  were  made  to  this  baseline  during  the 
development  of  the  model.  They  include: 

•  The  location  for  removal  of  fuel  to  route  through  the  hydraulic  system  was  revised.  The  baseline 
removes  the  portion  of  the  fuel  used  as  the  engine  hydraulic  fluid  before  sending  the  remaining 
fuel  through  the  fuel/oil  heat  exchanger.  By  moving  the  point-of-removal  of  the  fuel  for  the 
hydraulic  system  to  after  this  heat  exchanger,  more  fuel  is  available  to  serve  as  a  heat  sink  for  the 
engine  lubrication  system.  This  also  raises  the  temperature  of  the  fuel  routed  through  the  hydraulic 
system.  At  many  flight  conditions,  this  higher  fuel  temperature  will  be  greater  than  the  ambient 
adiabatic  wall  temperature.  This  results  in  the  engine  actuators  acting  as  a  heat  exchanger  with  a 
positive  outflow  of  heat  from  the  fuel  and  a  decrease  in  fuel  temperature  across  the 

engine  hydraulic  system. 

•  A  new  subroutine  was  added  to  better  predict  engine  lubrication  system  heat  generation.  This  new 
subroutine  considers  the  heat  flux  into  each  bearing  compartment  as  well  as  the  heat  generation  of 
each  bearing  compartment.  The  model  also  provides  a  means  of  adjusting  the  amount  of 
compartment  insulation  to  control  this  heat  flux.  Buffer  air  condition  and  compartment  oil  flow 
rates  are  also  considered  in  the  model. 

•  Modifications  were  made  to  the  main  and  boost  fuel  pump  heat  generation  rate  to  provide  a  better 
estimate  of  the  heat-up  of  the  fuel  across  these  components. 

A  more  detailed  description  of  two  of  the  key  thermal  management  model  systems;  the  engine  lubrication 
and  the  fuel  recirculation  systems  is  provided  in  the  next  two  sections. 
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AIRFRAME  - - I—.*  ENGINE 


Figure  3.1-2  Fuel  System  Model  Baseline  -  Current  AirframelEngine  Fuel  System  Model 


3.2  ENGINE  LUBRICATION  SYSTEM 

The  rotor  support/lubricaiion  system  models  used  to  establish  the  engine  heal  generation  were  similar  iir 
concept  for  all  the  missions/propulsion  systems  considered  in  the  study.  In  each  system,  the  low  speed 
(inner)  shaft  is  supported  by  three  mainshaft  bearings.  Roller  bearings  are  located  at  the  No.  1  and  No.  5 
positions  and  an  angular  contact  ball  bearing  is  located  at  the  No.  2  position.  The  high  speed  (outer) 
shaft  is  supported  by  a  ball  bearing  in  the  No.  3  position  and  a  roller  bearing  in  the  No.  4  position.  The 
No.  4  bearing  is  a  counter  rotating  roller  bearing  and  is  positioned  between  the  low  and  high  shafts.  The 
bearing  inner  is  located  on  the  high  shaft  for  better  bearing  clearance  and  operating  control.  The  outer 
ring  is  supported  by  the  low  shaft  by  means  of  a  wrap-around  hub. 

The  IHPTET  Phase  I  engine  has  three  bearing  compartments.  The  No.  1  roller  bearing  is  housed  in  its 
own  compartment  forward  of  the  fan.  The  No.  2  and  3  ball  bearings,  as  well  as  the  towcrshaft  and 
bevel  gear  drive  system  are  contained  in  a  common  mid-engine  compartment  located  between  the  high 
compressor  and  fan.  A  common  rear  compartment  houses  the  No.  4  and  5  roller  bearings.  Both  of  these 
bearings  are  located  aft  of  their  respective  turbines.  The  No.  5  bearing  supports  not  only  the  low  shaft 
radial  load  but  also  the  high  shaft  through  the  No.  4  bearing. 

The  rotor  support  arrangement  of  the  IHPTET  Phase  II  and  III  engines  differ  from  the  Phase  I  engine  in 
that  the  five  mainshaft  bearings  are  located  in  two  rather  than  three  bearing  compartments.  In 
this  configuration,  the  fan  rotor  is  overhung  with  the  No.  1  bearing  in  a  common  compartment  with  the 
No.  2  and  3  bearings  and  the  gearbox  tower  shaft  and  bevel  gear  drive  system.  This  results  in  a 
reduction  in  engine  weight  through  the  elimination  of  a  bearing  compartment  and  the  use  of  a  non- 
struciural  inlet  case. 

The  liquid  lubrication  system  used  in  this  study  is  a  state-of-the-art  hot  tank  type  .system  shown 
schematically  on  Figure  3.2-1.  Starting  at  the  oil  tank,  the  lubricant  enters  the  main  oil  pump  where 
sufficient  energy  is  added  to  the  fluid  to  overcome  the  resistances  to  flow  offered  by  the  downstream 
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circuits  and  to  enable  the  lubricant  to  traverse  the  closed  cycle  at  a  pre-established  flow  rate.  Initially 
when  the  lubricant  is  cold  and  its  viscosity  high,  the  lubricant  bypasses  the  heat  exchanger  and  oil  filter 
downstream  of  the  main  oil  pump  and  flows  through  a  bypass  valve  around  these  components. 

When  the  engine  is  in  sustained  operation  and  the  lubricant  is  hot,  the  oil  filter  and  heat  exchanger  bypass 
valves  close.  The  hot  lubricant  than  passes  some  of  its  acquired  thermal  energy  to  the  fuel  supply  in  a 
fuel/oil  heat  exchanger.  The  lubricant  is  then  delivered  to  the  various  bearing  compartments  where  it 
cools  and  lubricates  the  bearings,  shaft  seals,  gears,  dampers  and  compartment  walls.  While  in  >the 
compartment,  the  oil  also  picks  up  additional  heat  from  windage  and  churning  losses  as  well  as  from  high 
temperature  buffer  air  which  leaks  into  the  compartment.  The  oil  is  then  scavenged  from  the 
compartments  by  pumps  which  return  the  oil  to  the  system  tank  where  it  passes  through  a  deaerator. 
Compartment  seal  leakage  air  containing  some  entrained  lubricant  is  routed  to  the  gearbox,  and  is  passed 
through  a  deoiler  before  being  discharged  overboard. 


Figure  3.2-1  Typical  Hot  Tank  Lubrication  System 


33  FUEL  RECIRCULATION  SYSTEM 

Where  used,  the  fuel  recirculation  system  assumed  in  this  study  is  very  similar  to  systems  used  on  the 
latest  generation  of  tactical  fighter  aircraft.  A  sensor  indicates  fuel  temperature  limits  are  being  reached 
and  a  fuel  recirculation  valve  opens.  Fuel  in  greater  amounts  than  is  required  for  operation  of  the  engine 
is  routed  through  the  fuel  system  to  provide  a  sufficient  heat  sink  for  the  airframe  and  engine.  The  hot 
fuel  not  used  for  engine  combustion  is  routed  through  the  recirculation  valve  to  a  fuel/air  heat  exchanger 
before  being  reintroduced  into  the  lank.  While  this  cooling  does  not  reduce  the  returned  fuel  to  the  same 
temperature  as  the  fuel  in  the  tank,  the  system  does  minimize  the  heat-up  of  the  tank.  Air  for  the  heat 
exchanger  is  brought  in  through  an  inlet  on  the  aircraft.  For  static  conditions  such  as  ground  idle  where 
recirculation  is  required,  a  flow  inducing  device  is  used  to  bring  airflow  into  the  system. 

As  was  mentioned  earlier  in  this  report,  the  majority  of  the  fuel  recirculation  system  design  responsibility 
falls  to  the  airframer.  The  fuel  recirculation  valve  is  the  only  major  component  of  this  system  which  is 
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the  responsibility  of  the  engine  company.  Based  on  an  industry  survey,  baseline  fuel  recirculation  system 
weights  were  estimated  for  purposes  of  calculating  payoffs  for  advanced  fuels  development.  These 
estimated  weights  are  shown  in  Table  3.3-1 


Table  3.3-1.  Eatimatad  Fual  Racirculatlon  Syalam  Componant  Walobta 

Fuei/Air  Heat  Exchanger  (One  per  engine)  .  30  lbs. 

Fuel  Recirculation  Valve  (One  per  engine)  .  10  lbs. 

Ram  Circuit  (Inlet,  Flow  inducer)  .  100  lbs. 

Plumbing,  Lines,  etc .  20  lbs. 


Total  (Singia  engine  aircraft)  160  lbs- 

Total  (Twin  engine  aircraft)  200  lbs. 
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SECTION  4.0 


STUDY  RESULTS 

4.1  FUEL  REQUIREMENTS  WITH  FIXED  AIRFRAME  HEAT  LOADS  AND  NO 
RECIRCULATION  SYSTEM 

The  development  of  high  temperature  fuel  capability  would  realize  it's  greatest  payoff  if  sufficient  heat 
sink  capacity  c<^uld  be  generated  without  a  fuel  recirculation  system.  As  discussed  in  the 
previous  section,  'br  the  ne.xt  generation  of  tactical  fighters  the  elimination  of  this  system  would  save 
approximately  2f-0  lbs.  of  weight  in  the  airframe  and  engine.  As  heat  sink  requirements  increase  in  the 
future,  these  systems  will  likely  weigh  even  more.  With  this  in  mind,  the  first  approach  taken  in  this 
study  was  to  identify  the  fuel  temperature  capability  required  to  eliminate  the  recirculation  system. 

In  this  first  phase  of  the  study,  the  following  five  flight  conditions  were  considered  when  determining 
maximum  fuel  temperature  requirements: 

1. )  Ground  Idle 

2. )  Subsonic  Cruise 

3. )  Idle  Descent 

4. )  Loiter 

Ground  idle  and  loiter  were  selected  because  these  arc  conditions  where  the  engine  operates  at  very  low 
levels  of  fuel  flow  and  require  high  levels  of  recirculation  flow  or  high  fuel  temperature  capability  to 
achieve  the  necessary  heat  sink.  The  high  flight  speeds  associated  with  supersonic  cruise,  while  providing 
a  higher  level  of  fuel  flow  to  act  as  the  heat  sink,  also  result  in  more  stringent  operating  temperatures  for 
the  fuel  system.  Somewhere  in  between  these  two  extremes  are  the  subsonic  cruise  flight  points  that 
combine  moderate  levels  of  fuel  flow  and  operating  temperatures. 

The  final  flight  condition  considered  was  idle  descent.  This  occurs  when  the  pilot,  in  order  to  reduce 
flight  speed  and  altitude,  cuts  engine  power  to  an  idle  setting.  When  this  happens  after  a  supersonic  flight 
point,  the  worst  case  combination  of  low  fuel  flow  and  high  operating  temperatures  is  encountered.  These 
are  transient  conditions  since  the  thermal  environment  becomes  less  severe  as  flight  speed  decreases.  The 
thermal  management  models  used  in  this  study  are  steady  state  models  and  do  not  handle  conditions  such 
as  these  in  a  transient  manner.  The  idle  descent  points  were  still  felt  to  be  critical  to  defining  fuel 
temperature  requirements  and  for  this  study  were  investigated  using  the  steady  state  models.  Estimated 
maximum  fuel  temperatures  determined  at  these  flight  conditions  may  be  somewhat  higher  than  if 
transient  models  were  available  and  used 

Maximum  fuel  temperature  requirements  were  established  for  a  system  without  fuel  recirculation  and 
airframe  heat  loads  in  the  range  of  3000-4000  Btu/hr.  These  heat  loads  were  selected  because  they  are  in 
the  range  anticipated  for  the  prototype  of  the  next  generation  of  tactical  fighter  aircraft.  All  of  the  flight 
conditions  described  previously  were  investigated  for  the  following  three  missions; 

1. )  IHPTET  Phase  I  Advanced  Tactical  Fighter 

2. )  IHPTET  Phase  II  Air  Superiority  Fighter 

3. )  IHPTET  Phase  III  lightweight  Fighter 
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fteliminary  results  from  this  portion  of  the  study  were  presented  to  the  Air  Force  and  Navy  in  July  and 
August  of  1989.  Subsequent  to  that  presentation,  further  investigation  of  the  thermal  management  models 
indicated  that  the  three  computational  iterations  used  to  generate  these  results  were  not  sufficient  to 
insure  temperature  convergence.  As  a  result,  hydraulic  and  gas  generator  fuel  temperature 
requirements  were  found  to  be  underestimated  at  flight  points  with  low  fuel  flows.  Flight  points  with 
higher  fuel  flows  very  nearly  reached  convergence  with  three  iterations  and  were  only  slighted  effected. 
To  insure  accuracy,  all  results  presented  in  this  report  have  been  generated  using 
ten  convergence  iterations.  Comparisons  of  these  results  with  those  previously  presented  indicate  very 
little  change  in  the  projected  requirements  for  high  temperature  fuels. 

The  results  of  the  first  phase  of  this  study  indicated  idle  descent  was  the  flight  condition  where  the 
maximum  fuel  temperatures  were  encountered.  Ground  idle  was  also  considered  to  be  a  critical 
condition  since  this  is  the  sizing  point  for  the  recirculation  system.  Due  to  funding  and  time 
considerations,  only  these  two  flight  points  were  considered  for  the  final  three  missions  studied: 

4. )  IHPTET  Phase  11  Advanced  Navy  Fighter 

5. )  IHPTET  Phase  II  Lightweight  Fighter 

6. )  IHPTET  Phase  III  Air  Superiority  Fighter 

When  examining  the  results  of  this  portion  of  the  study,  note  that  total  heat  load  on  the  fuel  at  each  flight 
condition  does  not  necessarily  increase  with  each  IHPTET  Phase.  Table  4.1-1  shows  the  sources 
and  levels  of  heat  that  the  fuel  must  absorb  at  the  supercruise  flight  condition.  As  propulsion  system 
technology  improves  with  each  IHPTET  Phase,  the  resulting  increase  in  engine  rotational  speeds  and 
flowpath  temperatures  will  result  in  higher  heat  loads  from  the  bearing  lube  system.  Since  heat  load  from 
the  fuel  pump  is  directly  related  to  fuel  flow,  the  improvements  in  engine  technology  that  result  in 
lower  fuel  consumption  will  actually  reduce  heat  load  from  this  source.  Fuel  consumption  is  also  greatly 
effected  by  the  flight  condition  and  power  setting.  As  a  result,  the  low  fuel  flows  required  for  the  high 
altitude  supercruise  condition  of  the  Phase  II  ASF  greatly  reduces  heat  load  from  the  main  fuel  pump. 
Finally,  we  can  attribute  the  reduced  hydraulic  system  heat  loads  for  the  IHPTET  Phase  II  and  III  systems 
to  a  combination  of  fuel  temperature  and  flight  conditions  that  result  in  heat  actually  being  lost  in  the 
hydraulic  system.  This  is  especially  true  for  the  IHPTET  Phase  Ill  LWF  which  supercruises  at  a  relatively 
low  Mach  number  and  has  very  high  fuel  temperatures  in  the  hydraulic  loop.  As  a  result,  all  but  156 
Btu/min  of  the  heat  generated  by  this  hydraulic  system  is  lost  to  the  atmosphere.  The  remaining  156 
Btu/min  must  be  absorbed  by  the  fuel. 


Table  4.1-1  Summary  of  Fuel  Haal  Loada  (Btu/min)  for  lha  Suparcruiaa  Flight  Conditionj 

IHPTET  Phaso/Mission 


IZAIE 

ll/ASF 

lll/LWF 

Hydraulic  System 

1253 

1061 

156 

Main  Fuel  Pump 

4466 

1959 

3055 

Airframe 

3650 

4000 

4000 

Bearing  Lube  System 

4319 

5130 

8534 

Misc 

1053 

954 

672 

Total 

14741 

13104 

16417 
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4.1.1  IHPTET  Phase  I  Advanced  Tactical  Fighter  Mission 

For  an  IHPTET  Phase  I  propulsion  system  in  an  ATF  mission,  Figure  4.1-1  shows  that  without 
recirculation,  current  fuels  (JP-4,  JP-8)  with  325°F  capability  would  have  insufficient  heat  sink  at  all 
flight  conditions  except  supersonic  cruise.  Fuel  temperature  capability  was  then  allowed  to  vary  until 
sufficient  heat  sink  capacity  was  provided.  Figure  4.1-2  indicates  a  fuel  temperature  capability  of 
approximately  655°F  would  be  necessary  to  provide  the  heat  sink  needed  for  the  idle  descent  flight 
condition.  This  capability  would  result  in  an  excess  heat  sink  capacity  for  all  other  flight  conditions; 
although  the  margin  is  relatively  small  at  the  subsonic  cruise  conditions.  Fuel  with  this  capability  would, 
however,  require  a  bearing  lubrication  fluid  capability  of  approximately  660°F. 
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Figure  4.1-1.  HPTET  Phase  I  ATF  Mission  -  Heat  Load  vs.  Heat  Sink 


Figure  4.1-2  shows  that  maximum  fuel  temperatures  are  encountered  at  the  gas  generator  inlet  for  all 
flight  conditions  except  supersonic  cruise.  For  this  high  speed  flight  point,  the  increased  actuator 
adiabatic  wall  temperature  results  in  a  heat  gain  for  the  fuel  and  a  maximum  fuel  temperature  in  the 
hydraulic  system  loop.  Conversely,  the  low  speed,  subsonic  flight  points  have  an  adiabatic  wall 
temperature  lower  than  the  fuel  temperature,  resulting  in  a  fuel  temperature  drop  across  the  hydraulic 
system.  Simply  put,  at  the  low  speed  flight  conditions,  the  hydraulic  system  actuators  act  as  a  fuel/air 
heat  exchanger. 
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Figure  4.1-2.  lUPTET  Phase  /  Advanced  Tactical  Fighter  Mission  -  Fuel  and  Oil 
Temperatures  Without  Fuel  Recirculation 


4.1.2  IHPTET  Phase  II  Air  Superiority  Fighter  (ASF)  Mission 

Figure  4.1-3  shows  that  at  an  IHPTET  Phase  II  engine  technology  level,  current  fuels  would  be  unable  lo 
provide  the  required  heat  sink  at  all  ASF  mission  flight  conditions  investigated.  For  this  mission,  the 
requirement  for  a  Mach  2.5  descent  at  idle  power  sets  the  need  for  a  645°F  capable  fuel  if  the  required 
heat  sink  is  to  be  provided  without  recirculation.  Figure  4.1-4  shows  that  this  is  by  far  the  most  difficult 
condition  in  this  mission  and  requires  fuel  temperature  capability  over  lOOF  higher  than  the  other 
flight  points.  This  is  reflected  by  the  excess  heat  sink  capacity  which  results  when  a  645°F  fuel  is  used  at 
the  other  flight  conditions. 

As  with  the  ATF  mission,  the  ASF  mission  exhibits  maximum  fuel  temperatures  at  the  gas  generator  inlet 
for  all  flight  conditions  except  supersonic  cruise.  At  this  high  speed  flight  point,  fuel  in  the  actuators 
is  absorbing  heat  because  of  the  high  ambient  wall  temperatures.  As  a  result,  maximum  fuel  temperatures 
are  encountered  in  the  hydraulic  loop. 
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Heat  Rate,  (Btu/min) 


4.13  IHPTET  Phase  III  Air  Superiority  Fighter  (ASF)  Mission 

For  a  LWF  mission  using  IHPTET  Phase  III  technology  level  engines,  Figure  4.1-5  indicates  inadequate 
heat  sink  capacity  at  all  flight  points  in  the  mission  except  supersonic  cruise.  Figure  4.1-6  shows  that  idle 
descent  is  again  the  flight  condition  which  sets  the  maximum  fuel  temperature  requirement.  In  this  case, 
an  840F  capable  fuel  would  be  necessary  to  provide  the  heat  sink  capacity  without  recirculation. 
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Figure  4.1-5.  IHPTET  Phase  III  LWF  Mission  -  Ileal  Load  vs.  Heat  Sink 


A  significant  difference  between  the  LWF  and  the  ASF  application  is  u...i  maximum  fuel  temperature  is 
encountered  not  at  the  gas  generator  inlet,  but  instead  at  the  exit  of  the  fuel  boost  pump.  This 
occurs  because  of  the  lower  engine  cycle  overall  pres.sure  ratio  selected  for  the  LWF.  Engines  operating 
at  altitude  idle  flight  conditions  often  must  run  at  higher  idle  power  settings  than  is  necessary  for  the 
mission.  This  is  required  so  the  engine  can  provide  sufficient  engine  bleed  air  pressure  to  meet  airframe 
power  requirements.  The  ASF  engines  have  lower  engine  pressure  ratios  than  the  LWF  engines.  As  a 
result,  the  ASF  engines  must  run  to  higher  idle  power  setting  to  meet  this  bleed  pressure  requirement. 
Because  of  this,  the  ASF  propulsion  systems  have  approximately  twice  the  fuel  flow  to  absorb  the  same 
40(X)  Btu/min  airframe  heat  load  as  do  the  LWF  engines.  As  a  result,  the  fuel  entering  the  LWF  engines, 
following  heat  pickup  from  the  airframe,  is  at  a  significantly  higher  temperature  than  the  ASF  mission.  In 
fact,  the  boost  pump  fuel  temperatures  for  the  idle  descent  and  subsonic  cruise  flight  conditions  are  such 
that  the  remainder  of  the  fuel  system  has  a  net  heat  loss.  This  is  again  the  result  of  heat  being  lost  from 
the  fuel  in  the  hydraulic  system  loop. 
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Future  4  I  -A  IUPTEI  Phase  III  Lightweight  Fighter  Mission  -  Fuel  and  Oil 
Temperature  Without  Fuel  Recirculation 


4.1.4  Other  Misitions  ln\e<iti(;ated 

For  the  rm.’!  three  missions  stud.ed,  only  the  idle  descent  and  ground  idle  flight  conditions  were 
investigated.  Figuic  4,1-7  summarize ;  the  fuel  temperatures  at  idle  descent  for  all  the  missions 
investigated.  Out  of  all  of  the  missions  investigated,  the  Advanced  Navy  Fighter  exhibited  the  highest 
maximum  fuel  teniperaturo  (S7('’F),  Like  the  LWF  mission,  this  can  be  traced  to  the  optimum  propulsion 
system  cycle  that  has  a  high  operating  pressure  ratio  (OPR)  for  gixxl  fuel  consumption  characteristics. 
This  cycle  allows  the  engine  to  run  to  very  low  idle  fuel  flows  and  as  a  result,  creates  eery  high  fuel 
icmperaiurcs  when  absorbing  the  airframe  heal  load.  Again,  like  the  LWF  mission,  the  remainder  of  the 
tuel  system  has  a  net  heat  loss.  Here  again,  the  actuators  arc  acting  as  a  fuel/air  heat  exchanger  with  the 
luel  showing  a  significant  reduction  in  temperature  across  the  hydraulic  system  loop. 

Comparison  of  predicted  temperatures  for  the  Phase  11  and  111  A.SF  and  LWF  yielded  expected  results. 
The  higher  speeds  and  lower  fuel  flows  of  the  Phase  III  propulsion  systems  result  in  increased 
fuel  temperatures.  The  diffc. cnees  are  not  large  since  the  same  mission  profile  and  airframe  heat  loads 
were  considered  in  both  ph  eses. 

The  results  for  ground  idle  are  shown  on  Figure  4,1-8.  While  this  flight  condition  has  significantly  lower 
fuel  temperatures  than  idle  descent,  it  is  critical  for  sizing  the  recirculation  system.  These  results  provide 
a  baseline  for  the  next  phase  of  the  study  which  focuses  on  fuel  recirculation  requirements  in  a  parametric 


manner. 
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Figure  4.1-7.  Maximum  Fuel  Temperature  for  Idle  Descent  Flight  Condition  Without  Fuel  Recirculation 
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4.1.5  Summary 


Table  4.1-1  summarizes  the  maximum  fuel  temperatures  with  no  fuel  recirculation  for  each  mission.  This 
table  also  compares  these  results  to  the  IHPTET  goals  for  high  temperature  fluids  presented  earlier  in 
Table  1.2-1.  Realization  of  the  technologies  to  reach  these  fuel  temperature  capabilities  probably  will  still 
not  allow  future  tactical  fighters  to  eliminate  the  recirculation  system.  This  is  because  a  number  of  factors 
are  likely  to  drive  heat  loads  up  even  further  and  because  several  other  factors  will  limit  the  usable  fuel 
temperature  capability. 

•  There  is  no  definitive  projection  of  what  will  be  the  future  levels  of  airframe  heat  load.  The  trends 
do  indicate  that  future  heat  loads  will  exceed  the  3000-4000  Btu/min  used  in  the  first  phase  of  this 
study.  This  means  that  without  recirculation,  even  higher  fuel  temperatures  than  were  projected  in 
this  study  could  result. 

•  For  a  twin-engine  aircraft,  some  kind  of  failure  analysis  for  a  one-engine  out  situation  needs  to  be 
considered.  This  situation  would  require  the  fuel  system  of  the  remaining  operational  engine  to 
handle  the  entire  airframe  heat  load.  Recirculation  provides  a  way  to  handle  this  type  of  situation 

•  No  matter  how  much  fuel  capability  is  increased,  fuel  temperature  will  still  have  to  be  kept  at  a 
lower  level  than  oil  and  hydraulic  fluids  to  insure  outflow  of  heat  from  these  systems.  For  this 
rca.son,  any  fuel  temperature  capability  above  the  development  goals  for  these  other  fluids  will  not 
be  useable  m  a  conventional  tactical  fighter  fuel  system. 

•  A  great  amount  of  technology  development  in  the  area  of  fuel  system  components  would  need  to 
occur  to  run  these  elevated  levels  of  fuel  temperatures.  A  prime  example  is  the  fuel  pumps. 

Current  pumps  can  handle  max  fuel  temperatures  in  the  range  of  200  to  240°F.  The  first  phase  of 
this  study  indicated  fuel  pump  temperatures  of  up  to  840'^F  for  some  of  the  missions  investigated. 
This  would  require  a  significant  increase  in  pump  material  temperature  capability  and  pump 
designs  to  avoid  cavitation  at  these  elevated  fuel  temperatures. 


Table  4.1-2.  Maximum  Fuel  Temperatures  Relative  To  IHPTET  Fluid  Development  Goals 

IHPTET  PHASE /MISSION 

IHPTET 

PHASE 

I 

IHPTET 

PHASE 

II 

IHPTET 

PHASE 

III 

ATF 

ANF 

ASF 

LWF 

ASF  LWF 

Max  Fuel  Temperature 
(Study  Ftesults  with 

No  Fl^irculation) 

654 

870 

645 

819 

708  840 

Fuel  Development  Goals 

Fuels 

425 

550 

700 

Liquid  Lubricants 

400 

625 

700 
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4.2  PARAMETRICS  OF  MAXIMUM  FUEL  TEMPERATURE  AND  AIRFRAME  HEAT  LOAD 
TO  ESTABLISH  RECIRCULATION  SYSTEM  REQUIREMENTS 

Based  on  results  from  the  first  phase  of  the  study,  a  decision  was  made  that  rather  than  elimination  of  the 
fuel  recirculation  system,  a  more  reasonable  goal  was  to  show  how  high  fuel  temperature  capability  can 
minimize  the  weight  penalty  associated  with  fuel  recirculation.  Since  future  levels  of  airframe  heat  load 
are  unclear,  a  oarametric  study  for  each  of  the  missions  of  interest  was  performed.  The  parametric  looked 
at  fuel  .ecirculation  requirements  for  different  levels  of  fuel  temperature  capability  and  airframe  heat 
load. 

To  show  the  potential  weight  payoff  for  reducing  recirculation  flow,  the  results  of  the  parametric  for  the 
IHPTET  Phase  II  Air  Superiority  Mission  (ASF)  were  used  to  do  a  relative  sizing  of  a  fuel 
recirculation  system  component.  In  this  case,  the  recirculation  fucl/air  heat  exchanger  was  selected.  Since 
ground  idle  is  the  critical  flight  condition  for  sizing  of  the  fuel  recirculation  system,  the  parameirics  were 
performed  at  that  condition.  The  point  must  be  made  again  that  the  fuel/air  heat  exchanger  is  the  design 
responsibility  of  the  airframer  and  the  estimates  made  here  by  P&W  should  be  used  to  show  relative 
component  weight  improvements. 

4.2.1.  Recirculation  Requirements 

The  results  of  parametric  studies  to  determine  fuel  recirculation  requirements  as  a  function  of  maximum 
fuel  temperature  and  airframe  heat  load  for  each  mission  are  presented  on  Figures  4.2-1  thru  4.2-6.  This 
study  was  directed  at  the  ground  idle  flight  condition.  Discussions  with  airframers  indicated  this  was 
the  critical  flight  point  in  sizing  the  recirculation  system.  A  summary  of  the  results  of  this 
parametric  study  is  presented  on  Table  4.2-1  using  the  P&W  fuel  temperature  goals  and  a  best  guess  of 
airframe  heat  loads  for  future  tactical  fighters. 


Figure  4.2-1  l/IPTET  Phase  I  Fuel  Recirculation  Requirements  Advanced  Tactical  Fighter  Mission 
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Figure  4.2-2  IUPTET  Phase  II  Fuel  Recirculation  Requirements  For 
Advanced  Navy  Fighter  Mission 


Figure  4.2-3  Fuel  Recirculation  Requirements  For 
IllPTFT  Phase  II  Air  Superiority  Fighter  Mission 
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l-'igure  4.2-4  Fuel  Recirculation  Requirements  For  IHPTET  Phase  II  Lightweight  Fighter  Mission 
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Figure  4.2-5  IHPTET  Phase  III  Fuel  Recirculation  Requirements  for  Air  Superiority  Fighter  Mission 
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Figure  4.2-6.  IHPTET  Phase  III  Fuel  Recirculation  Requirements  for  Lightweight  Fighter  Mission 


Tab(«  4.2-1.  Summary  of  the  Recirculation  Flow  Requirements  Parametric  Study 


IHPTET 

Phase 

Max  Fuel 
Temp 
(°F) 

Airframe 
Heat  Load 
(BTU/min) 

Fuel 

Recirculation 

(Ib/min) 

1 

Advanced  Tactical  Fighter 

325 

5.000 

62 

425 

6,000 

20 

II 

Air  Superiority  Fighter 

325 

8.000 

65 

550 

8.000 

0 

II 

Advanced  Navy  Fighter 

325 

8.000 

55 

550 

8,000 

7 

II 

Lightweight  Fighter 

325 

8,000 

31 

550 

8.000 

0 

III 

Air  Superiority  Fighter 

325 

10.000 

70 

700 

10.000 

0 

III 

Lightweight  Fighter 

325 

10,000 

69 

700 

10,000 

0 

These  results  indicate  that  achievement  of  P&W's  fuel  development  goals  will  allow  the  system  to 
operate  with  significantly  reduced  or  with  no  fuel  recirculation  at  ground  idle.  Earlier  results 
indicated  that  fuel  recirculation  would  be  required  at  the  idle  descent  flight  condition  even  with  high 
temperature  fuel  capability.  This  would  seem  to  contradict  the  idea  that  ground  idle  is  the  critical  sizing 
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point  for  the  recirculation  system.  Again,  the  explanation  for  this  may  be  that  the  idle  descent 
requirements  identified  earlier  are  estimates  of  transient  conditions  using  a  steady  state  model.  As  a 
result,  the  estimated  idle  descent  fuel  heat  sink  requirements  may  be  too  high.  Despite  this,  the  trend 
established  here  of  significantly  reduced  recirculation  flow  should  apply  at  both  flight  conditions. 

422  Preliminary  Sizing  of  Recirculation  System  Components 

The  results  of  the  IHPTET  Phase  II  ASF  fuel  recirculation  parametric  were  used  to  estimate  the  relative 
efft*,.  jf  rCviiculalior.  flo  w  Ou  ifiC  v..;,iglu  of  die  fuel/air  heat  exchanger.  The  results,  shown  on  Figure 
4.2-7,  were  generated  at  the  ground  idle  flight  condition.  Discussions  with  airframers  indicated  this  to  be 
the  critical  sizing  point  for  these  components.  Although  fuel  recirculation  rate  is  higher  at  the  idle  descent 
points,  the  air  heat  sink  is  at  a  lower  temperature.  As  a  result,  the  required  level  of  airflow  for  the 
recirculation  system  is  less  than  for  the  idle  descent  condition. 

The  recirculation  system  configuration  used  in  this  study  is  consistent  with  the  configuration  described  in 
Section  3.3.  The  baseline  ram  air  heat  exchanger  was  sized  for  a  max  fuel  temperature  of  300F  and  a 
3700  Btu/min  airframe  heat  load.  Using  Figure  4.2-3,  a  fuel  recirculation  rate  of  33  Ib/min  is  indicated 
for  these  conditions.  As  was  shown  on  Table  3.3-1,  the  baseline  recirculation  system  ram  air  heat 
exchanger  weight  was  assumed  to  be  30  lbs.  This  weight  is  representative  of  a  state-of-the-art  compact 
core  heat  exchanger.  Performance  curves  indicate  that  the  baseline  heat  exchanger  would  have  a  1600 
Btu/min  heat  return  rate  to  the  tank  at  the  ground  idle  flight  point. 

When  investigating  the  other  fuel  temperature  limits  and  recirculation  requirements,  the  heat  return  rate 
was  held  at  1600  Btu/min.  Recirculation  heat  loads  greater  than  this  level  represent  the  amount  of  heat 
that  must  be  transferred  from  the  fuel  to  the  air  in  the  heat  exchanger.  If  the  recirculation  heat  load  was 
greater  than  zero  but  less  than  1600  Btu/min,  the  heat  exchanger  can  be  removed  but  the 
recirculation  line  would  be  retained.  Once  the  heat  load  and  recirculation  rate  from  Figure  4.2-3  was 
established,  generalized  design  charts  were  used  to  establish  the  heat  transfer  coefficient  and  the  required 
effective  area  of  the  heat  exchanger.  Weights  were  then  predicted  based  on  the  assumption  that  weight  is 
directly  proportional  to  the  required  heat  transfer  areas  of  the  heat  exchanger. 

The  results  on  Figure  4.2-7  show  that  increasing  the  fuel  temperature  limit  increases  the  amount  of 
airframe  heat  load  that  can  be  rejected  without  increasing  heat  exchanger  weight.  The  results  also 
suggest  that  there  is  a  point  of  diminishing  return  where  increasing  the  heat  exchanger  weight  does  not 
proportionally  increase  exchanger  heat  transfer.  This  can  be  attributed  to  the  assumption  that  the  airflow 
rate  is  constant  for  all  the  parametric  points  studied.  Increasing  the  airflow  would  require  a  redesign  of 
the  recirculation  system  inlet,  inducing  fan  and  ducting.  Instead  this  study  fixed  the  size  (and  weight) 
of  these  components  and  parametrically  looked  at  the  weight  impact  on  the  fuel/air  heat  exchanger  with  a 
fixed  airflow.  The  results  show  that  a  25  degree  increase  in  fuel  temperature  capability  decreases  the  heat 
exchanger  weight  by  approximately  60%. 
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Figure  4.2-7  IHPTET  Phase  II  Air  Superiority  Fighter  Ileal  Exchanger  Weight  Payoff  - 
Based  on  Reduced  Recirculation  Requirements 


Anolher  approach  that  could  be  used  lo  take  advantage  of  higher  fuel  temperature  capability  would  be  to 
fix  the  heat  exchanger  size  and  use  the  increased  capability  to  reduce  (to  a  limit)  the  amount  of  heat 
returned  to  the  tank  below  the  assumed  level  of  1600  Btu/min.  This  would  be  accomplished  by  taking 
advantage  of  the  higher  exchanger  effectiveness  that  would  result  with  a  higher  fuel  temperature. 
In  reality,  a  system  designer  would  trade  both  system  weight  and  heat  return  rate  to  achieve  the 
maximum  benefit  from  increased  fuel  temperature  capability. 

4.2J  Summary 

Study  results  which  showed  that  at  the  higher  end  of  the  curves,  the  heat  exchanger  size  (as  exhibited  in 
terms  of  weight)  has  little  effect  on  the  required  fuel  temperature  can  attributed  to  the  fact  that 
tfiis  pdiafiiv-U  ic  was  generated  at  a  consistent  heat  exchanger  airflow.  In  an  aircraft  design,  the  ejector  and 
heat  exchanger  would  be  optimized  to  provide  the  required  airflow  and  heat  transfer  with  the 
minimum  weight.  This  type  of  study  detail  would  require  the  support  of  an  airframer  to  capture  the  true 
impact  of  fuel  temperature  on  recirculation  weight.  Still,  this  parametric  provides  an  indication  of  the 
kind  of  payoff  in  terms  of  recirculation  system  weight  reduction  that  is  possible  with  improved  fuel 
temperature  capability. 
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SECTION  5.0 


CONCLUSIONS 

Based  on  this  investigation,  the  following  conclusions  can  be  made: 

1.  Many  airframer  related  issues  such  as  future  tactical  fighter  airframe  heat  loads  and  fuel  lank 
insulation  that  effects  the  temperature  of  fuel  in  the  tank  have  not  been  determined,  making  the 
definitive  establishment  of  fuel  temperature  requirements  difficult. 

2.  Payoff  studies,  the  projection  of  future  fuel  system  capabilities  and  the  temperature  development 
goals  for  other  fluids  indicate  that  the  following  are  reasonable  advanced  JP  fuel  development 
goals: 


Max  Fuel  Temp..°F 

IHPTET  Phase  I  425 

IHPTET  Phase  II  550 

IHPTET  Phase  III  700 

3.  Achievement  of  these  goals  will  not  likely  eliminate  the  requirement  for  a  fuel  recirculation 
system  of  future  tactical  fighters 

4.  Achievement  of  these  goals  will  permit  a  significant  reduction  in  the  size  and  weight  of  the  fuel 
recirculation  system.  While  this  does  not  result  in  a  major  reduction  in  the  engine  weight,  the 
payoff  in  terms  of  reduced  airframe  recirculation  system  weight  is  significant. 
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SECTION  6.0 


RECOMMENDATIONS 

Increasing  heat  loads  on  the  fuel  and  the  desire  to  minimize  the  penalty  associated  with  the  recirculation 
system  demands  that  higher  fuel  temperature  capability  be  developed.  While  the  engine  itself  will  realize 
little  weight  savings,  the  benefit  to  liic  total  airframe  and  propulsion  system  should  be  significant.  The 
fact  that  fuel  is  a  critical  component  to  gas  turbine  operation  makes  the  IHPTET  initiative  a 
logical  vehicle  for  the  development  of  advanced  fuels. 

This  study  has  served  as  a  starting  point  for  establishing  the  requirements  and  payoffs  for  advanced  fuels. 
The  study  also  pointed  out  that  fuel  temperature  requirements  are  driven  by  a  wide  variety  of  factors 
ranging  from  the  mission,  the  airframe  and  the  engine  hydraulic  and  lubrication  systems.  With  this  in 
mind,  a  follow-on  study  should  be  considered  that  would  look  at  the  fuel,  hydraulic  and  lubrication 
systems  as  a  total  package.  Critical  elements  of  this  study  would  include: 

•  Use  of  an  airframer  as  a  subcontractor  to  establish  projections  of  airframe  heat  loads  and  to  get 
accurate  estimates  of  fuel  recirculation  system  weights. 

•  Definition  of  fuel  system  component  capabilities  that  are  projected  and  will  be  required  in  the 
future.  Components  like  fuel  lines,  and  pumps  have  temperature  limits  that  should  be  considered 
when  setting  fuel  development  goals. 

•  Definition  of  the  requirement  that  high  temperature  fuels  make  on  the  engine  itself  (i.e.  high 
temperature  fuel  nozzles,  etc.)  and  the  impact  of  fuels  at  elevated  temperatures  on  engine 
operation. 

•  An  assessment  of  the  impact  of  transient  conditions  like  the  idle  descent  flight  points  on  fuel 
temperature  requirements.  If  these  situations  are  felt  to  be  significantly  different  than  the  steady 
Slate  conditions,  the  development  of  transient  thermal  management  models  may  be  considered. 

Until  these  fuel  development  requirements  are  firmly  defined,  efforts  should  continue  toward 
achievement  of  what  would  seem  to  be  a  definite  requirement  for  high  temperature  capable  fuels. 
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